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Abstract: This paper is a study on the behavior and prediction of settlement values of bridge pile foundations due to con-
struction loads. Field test results show new field technique using the single point of account settlement meter to estimate 
the thickness of compressed layer in the deep soft soils which is considered as a difficult task in the field. The settlement 
is predicted using hyperbolic model and statistical regression. The statistical models indicate that the structure would re-
main safe for a long period of time, and the field measurements are compared with the hyperbolic model results and those 
predicted by the statistical regression. The finite element Plaxis 3D Foundation program is used in the analysis with a new 
empirical equation to modify the input parameters represented by the soil compression modulus. The foundation soils are 
modeled with the Mohr-Coulomb plasticity material model. The piles are represented with pile elements, between the pile 
and the surrounding soil, interface elements are automatically generated by the program. In the analysis, the effects due to 
soil stiffness, pile length and pile spacing are considered. The calculated results for the simulation of the pile installation 
sequence are compared with the measured results obtained from the field monitoring. The results of the numerical analy-
sis using the proposed empirical equation provide insight to the settlement analysis of pile groups in soft clayey soils and 
the finite element Plaxis 3D program can be a useful tool for numerical analysis. In this paper, the numerical analysis cal-
culations are modified using a new empirical equation to calculate the compression modulus from those obtained from the 
test which modify the results of the settlement and thus become close to the reality. Finally, the numerical finite element 
analysis produced logical and conservative results as compared to the statistically derived equations and those calculated 
by hyperbolic model analysis. This scenario can be applied to the similar problems in the theoretical applications of bridge 
foundations. 

Keywords: Compression modulus, 3D finite elements, hyperbolic model, settlement monitoring, soil plasticity, statistical re-
gression. 

1. INTRODUCTION 

 Bridges account for 80.4% of the total length of the Bei-
jing-Shanghai high-speed railway in its northeast plain. 
Bored piles are commonly used in bridge rail tracks with a 
ballast-free form. Most of the railway paths from Beijing to 
Jinan city run over deep soft soil. The majority of the north-
ern Shanghai sections to Danyang run over deep soft soil 
with a high water content, high compressibility, low inten-
sity, poor permeability and long duration of consolidation 
deformation. Bridge foundation settlement control and pre-
diction have become a key technical difficulty in these sec-
tions of the project. The bridges’ stability is dependent on 
the strict control of the settlement process. The bridge is de-
signed to support a speed of 350 kilometres per hour, with an 
initial speed of 300 kilometres per hour. At the same time, it 
must support the cross-line operation speed of the train, 
which is a minimum of 200 kilometres per hour.  
 In bridge engineering, settlement (including absolute 
settlement and differential settlement) of pile-group founda-
tion is an important index reflecting construction safety and  
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quality [1]. Calculation methods of settlement adopted by 
most of the criteria are usually conservative and theory basis 
which are scant and deficient [2]. FEM is one of the most 
practical methods to predict the behavior of foundations. For 
pile foundation, however, due to the difficulty in evaluating 
the interaction of pile-soil-pile system and the behavior of 
excess pore water pressure, quantitative prediction method 
for long-term settlement in soft ground soil still needs to be 
improved [3]. For performance-based design of pile founda-
tions, it is necessary to develop a practical prediction method 
for long-term displacements of pile foundation. There are a 
number of prediction methods for the settlement in soft 
ground [4, 5 and 6]. Current methods of settlement calcula-
tions show different advantages and disadvantages [7]. 
 In this paper, the new monitoring technique by a single 
point of settlement level meter is used to measure the settle-
ment in the deep soft soil. Calculation and prediction of pile 
group foundation settlement still needs research. The statisti-
cal models are used to predict the settlement of the deep soft 
soils in the project using the hyperbolic model and statistical 
regression. The literature reviewing on the subject of com-
pression modulus adopts a theme which has relation with the 
soil stress [8, 9]. Authors have proposed an empirical equa-
tion to calculate the compression modulus depending on the 
depth of the soil layers. The calculations of three-
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dimensional Plaxis Foundation program are modified to 
conduct a numerical analysis that simulated the vertical dis-
placement of the soil and other parameters to adjust the val-
ues of compression modulus obtained from the test, and get-
ting precious results close to the reality. The other finding is 
to estimate the thickness of the compressed layer using the 
single point of settlement level meter which is considered as 
a difficult task in the field. 

2. EXPERIMENTAL  

2.1. Joint Monitoring Principle of Single-Point Settlement 
Gauge and Liquid Level Settlement Gauge 

 Single-point settlement gauge consists of anchor end, 
length rod and sensor. Anchoring both sides of length rod, 
with a sensor in the middle, to pile-top and certain soil to 
measure the total amount of soil compression. Its working 
principle is based on electromagnetic induction; a magnet-
ized cylinder rod is fixed to the length rod which can move 
back and forth in coil. The coil inductance value is corre-
sponding to the length of the rod in coil, the coil inductance 
value varies by length rod displacement, and then the induct-
ance value transforms into frequency signal and displays in 
the reading device. Automatic data collection and remote 
transmission of single-point gauge are achieved through joint 
detection of automatic remote monitor system and single-
point settlement gauge.  
 Liquid level settlement gauge consists of hydraulic cylin-
der, float, precise liquid level gauge, protection cover and 
other components. The survey point of liquid level settle-
ment gauge is installed on cushion cap and its datum mark is 
installed on soil layer without disturbing the group pile 
foundation, which is used to measure the settlement of pile-

top. Its working principle is: tracheal tube connected by flu-
id, the liquid in the hydraulic cylinder is always in the same 
horizontal plane, when settlement occurs to the survey point, 
the liquid level sensor value increases (the difference value is 
positive), meanwhile, the liquid level sensor value in datum 
mark decreases (the difference value is negative). Automatic 
data collection and remote transmission of liquid level set-
tlement gauge are achieved through joint detection of auto-
matic remote monitor system and liquid level settlement 
gauge. Joint monitor of single-point settlement gauge and 
liquid level settlement gauge are shown in Fig. (1). 

 Certain pile soil compression value d  is measured by 
single-point settlement gauge, cushion cap settlement s is 
measured by liquid level settlement gauge, and the settle-
ment of cushion cap and settlement of pile-top are the same. 
The certain soil layer settlement value can be derived from 
subtracting the compression value of single-point settlement 
gauge from the settlement value of liquid level settlement 
gauge, which is s – d. Generally, compression value d and 
settlement s have the following relation s ≥ d . Joint monitor 
calculation principle is shown in Fig. (2).  

 When the foundation is sinking, the settlement sheet with 
basic equipment goes down. Connectivity level settlement as 
shown in Fig. (3) is an intelligent digital inductance bus-type 
displacement meter FM, settlement is level difference meas-
uring point – benchmark level difference. 
 Automatic composite measuring system is a powerful, 
fully automatic and static data collecting system which con-
sists of host computer, acquisition module (MCU), system 
software components and related accessories (see Figs. 4 and 
5). Field acquisition module (MCU) can be connected with 
string-type sensor (consists of strain gage, stress gauge, pres-

 
Fig. (1). Single settlement meter and level meter schematic joint monitoring. 
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sure cell, ohmmeter, cable meter, load sensor etc.), inductive 
frequency-modulation type sensor (consists of universal dis-
placement meter, crack meter and rock change level meter 
etc.), bus-type sensor (consists of static force water level 
gauge, a bus cable tension gauge etc.), semiconductor or 
thermostat temperature sensor, resistance strain type sensor 
and standard voltage signal sensor. The system is designed 
as fully sealed, waterproof, and anti-lightning. Its distributed 
structure can compose 8~2000 points in measurement sys-
tem. Through the measurement system real time data collec-

tion and remote wireless transmit function of single-point 
settlement gauge and liquid level settlement gauge can be 
achieved. 

2.2. Bridge Foundation Model  

 Fig. (6.A) shows that the bridge foundation is a pile 
foundation located at DK124 worksite for piers D18 and 
D19 with cap dimensions of 12.5×9.1 m and stepped capping 
thicknesses of 2.5 m and 1.5 m. The number of piles is 12 
bored piles with a diameter of 1.25 m; the spacing between 

 
Fig. (5). Connected settlement liquid level settlement gauge. 

 
Fig. (2). A characteristic curve diagram of pile soil settlement calculation. 

Fig. (3). Embedded connectivity of settlement level diagram. 

 

Fig. (4). Automatic remote monitor system. 
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the piles is 3.4 m in both directions, length of piles is 52 m. 
The bridge at DK152 worksite as shown in Figs. (6.B and 
6.C) is supported by reinforced concrete pile groups, which 
consist of 8 bored piles for F371 and F372 piers and 10 
bored piles for F373 pier with a pile diameter of 1.0 m for 
F371, F372 and F373. The pile length is 50 m for F371 and 
F372, and 47 m for F373. The caps are rectangular with a 
length of 10.4 m and a width of 5 m for F371 and F372 piers, 
and a length of 10.4 m and a width of 7.1 m for F373 pier. 
The caps thickness is 0.55 m for the upper cap and 2.2 m for 
the lower cap for F371 and F372, while for F373 is 1.1 m for 
the upper cap and 2.2 m for the lower cap. The groundwater 
levels below the ground surface are 1.4 m for D18, 2.3 m for 
D19, 1.6 m for F371 and 1.2 m for both of F372 and F373. 
Figs. (7 and 8) are showing the classification sketches of the 
soil layers of the Beijing-Shanghai high-speed railway 
bridges at locations DK124 and DK152 respectively. The 
site investigations show that there is a need of a number of 
soil layers for the deep soft soils because when the base bot-
tom layer is not stable anchorage in the soft soil or rock layer 

is difficult to monitor. The span length of the bridge at both 
worksites is 32m. 

2.3. Data Used in the Study 

 The data used in this study were taken from gauge level 
measurements of pile foundations processed for Beijing–
Shanghai project at locations DK124 and DK152 that started 
on 2009-10-27. The measurements collected using the single 
point of account settlement meter to estimate the thickness of 
the deep soft soils included the displacement/mm and the 
relative amount of compression/mm. These values were 
measured for multiple depths and at different time intervals. 
The reading depths were different depending on the depth of 
the compressed layer under the pile. The study represented 
these data in a graphical form of the experimental results to 
predict settlement of deep soft soils. Tables 1 and 2 show the 
geotechnical properties and parameters of the soft soil in the 
DK124 and DK152 worksites, respectively. 

 

Fig. (6). Sketches of the Beijing-Shanghai high-speed railway bridge piers at locations DK124 and DK152 (all the dimensions in meter). 
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2.4. Construction Loading 

 The dead load of the bridge, pile foundation dimensions 
and compression soil stratum for both DK124 and DK152 

worksites are shown in Tables 3 and 4. Therefore, the rela-
tionship between the construction loads and settlement read-
ings with the construction progression can be observed. 

Table 1. Soil Characteristics and Strength Parameters at the DK124 Working Points 

Sampling depth (m) ω % γunsat (kN/m3) γsat (kN/m3) e k (m/day) ν av (MPa-1) c (kPa) ϕ (degree) ψ (degree) 

1.07 30.7 17.7 18.0 0.849 0.086 0.32 0.51 14 8.5 0.0 

4.37 27.4 18.3 18.6 0.813 0.086 0.31 0.17 15.9 9.2 0.0 

9.37 31.1 18.2 18.5 0.852 0.432 0.32 0.47 11.0 10.6 0.0 

19.57 26.7 19.4 19.5 0.756 0.432 0.30 0.41 25.6 13.5 0.0 

24.82 22.9 19.3 19.5 0.651 0.432 0.30 0.25 20.9 16.7 0.0 

26.37 24.2 20.4 20.6 0.658 0.864 0.29 0.32 21.4 30.8 0.8 

30.72 26.0 18.7 18.9 0.737 0.086 0.29 0.23 96.8 14.6 0.0 

41.97 28.2 18.9 19.2 0.804 0.432 0.28 0.31 35.6 15.5 0.0 

46.27 24.7 19.2 19.4 0.677 0.432 0.28 0.13 42.0 21.3 0.0 

53.07 30.6 19.4 19.7 0.887 0.043 0.27 0.20 43.8 17.1 0.0 

57.57 27.4 20.0 20.2 0.772 8.64 0.28 0.29 8.9 32.7 2.7 

69.57 18.9 19.4 19.7 0.587 0.043 0.27 0.18 43.8 17.1 0.0 

73.17 28.2 20 20.2 0.820 8.64 0.28 0.34 8.9 32.7 2.7 

80.67 23.9 19.2 19.5 0.685 0.043 0.27 0.23 44.7 15.5 0.0 

83.57 23.2 20.2 20.4 0.673 8.64 0.28 0.24 13.7 36.2 6.2 

Where: ω: Water content; γunsat : The unsaturated unit weight of soil; γsat : The saturated unit weight of soil; e: Void ratio; k: Permeability; ν: Poisson’s ratio; av: Compression Index; 
Es: Compression modulus; c: Cohesion; ϕ: Internal friction angle; ψ: Dilatancy angle. 

Table 2. Soil Characteristics and Strength Parameters at the DK152 Working Points 

Sampling depth (m) ω % γunsat (kN/m3) γsat (kN/m3) e k (m/day) ν av (MPa-1) c (kPa) ϕ (degree) ψ (degree) 

3.3 30.7 17.7 18.9 0.849 0.086 0.30 0.51 52.5 14.8 0.0 

13.7 27.4 18.6 18.9 0.813 0.432 0.30 0.17 16.6 11.2 0.0 

16.2 31.1 19.4 19.6 0.852 0.432 0.30 0.47 17.0 13.2 0.0 

21.4 26.7 19.7 20.0 0.756 8.64 0.28 0.41 6.8 37.7 7.7 

25.5 22.9 19.4 19.6 0.651 0.432 0.30 0.25 17.0 13.2 0.0 

28.1 24.2 19.9 20.6 0.658 0.864 0.29 0.32 14.8 29.1 0.0 

30.3 26.0 19.1 19.3 0.737 0.432 0.28 0.23 35.8 20.1 0.0 

34.2 28.2 18.9 19.2 0.804 0.864 0.29 0.31 31.4 24.5 0.0 

38.7 24.7 19.8 20.0 0.677 8.640 0.28 0.13 6.8 37.7 7.7 

41.7 30.6 18.3 18.4 0.887 0.086 0.31 0.20 30.0 11.2 0.0 

43.4 27.4 19.3 20.2 0.772 0.086 0.29 0.29 18.0 11.5 0.0 

51.3 18.9 19.5 19.6 0.587 0.043 0.27 0.18 29.0 18.0 0.0 

55.1 28.2 19.0 20.2 0.820 0.086 0.29 0.34 38.5 10.9 0.0 

64.7 23.9 19.2 19.4 0.685 0.086 0.29 0.23 42.3 21.8 0.0 

73.0 23.2 19.9 20.4 0.673 8.64 0.28 0.24 11.6 39.0 9.0 
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2.5. Settlement Analysis  

 Tables 5 and 6 summarize the results of the compression 
readings in the field within the compressed soil layers. The 
standard of adjacent measurement based points on each me-
ter of soil compression is between 0.1 mm and less. There-
fore, from Tables 5 and 6, it can be estimated that the thick-
ness of the compressed layer is equal to 9.5 m and 10 m for 
DK124 and DK152 worksites, respectively. The monitoring 
was done by using the single point of account settlement 
meter to estimate the compressed layer thickness which is 
considered as a difficult task in the deep soft soil area. 
 The monitoring points were located at the mid-point on 
the upper and lower pile caps, respectively. The settlement 
readings during the bridge construction were measured at the 
pile tip with different levels of gauges, as shown in Fig. (9) 
for pier No. 18 at worksite DK124. The negative sign indi-
cates the direction of the settlement. The readings showed 
that the settlement increased but after sometimes decreased 
with the passage of time after the completion of girder con-

struction. This may be attributed to the fact that the founda-
tions were backfilled during the monitoring of points on the 
piers. Unfortunately, at various times during construction, 
the survey reference points were either obstructed or filled 
over before reference elevations could be obtained by sur-
veying multiple points [10].  
 Figs. (9 and 10) show the relationship between settlement 
and the reading dates for different depths during the con-
struction loads of piers No. 18 and 19 at worksite DK124. 
Fig. (11) shows the same relationships for piers F371, F372 
and F373 at worksite DK152. The results of the field tests at 
worksite DK124 show a maximum settlement of 7.0mm at 
pier D18 and 7.1 mm at pier D19, while at worksite DK152, 
the maximum settlements at piers F371, F372 and F373 are 
9.0 mm, 8.7 mm and 8.1 mm, respectively. 
 From Figs. (10 and 11), it can be observed that the set-
tlement-load-time curve can be divided into three segments. 
When the load is less than 5 MN, the settlement of the pile 
cap increases to amount of about 4 mm for piers at DK124 

Table 3. Locations of Point pier Foundation Test Sections 

Worksite Pier No. 
Number of 

Piles 
Pile length 

(m) 
Pile Diameter 

(m) 
Pile Cap Length×Width 

(m×m) 
Load 
(tons) 

Compression Stratum 
(kPa) 

DK124 
D18 12 52 1.25 13×9.1 2100 Silt 200 

D19 12 52 1.25 13×9.1 2100 Silt 200 

DK152 

F371 8.0 50 1.00 10.4×5.0 1472 Silty clay 250 

F372 8.0 50 1.00 10.4×5.0 1487 Silty clay 250 

F373 10 47 1.00 10.4×7.1 1502 Silty clay 250 

 
Table 4. Construction Loads at Each Location 

Worksite Bridge Name Pier No. Pier loads (tons) Beam Load (tons) Secondary Dead Load (tons) Total (tons) 

DK124 
Tianjin Bridge 

D18 481.25 1202.76 425.6 2109.61 

DK152 F373 240 836.8 425.6 1502.4 

Table 5. DK124 Worksite Compression Results for Compressed Layer (piers D18 and D19) 

Location (m) (under 
the pile tip) 

Compression (mm) Average compres-
sion (mm) 

Compression per meter between adja-
cent measurement points (mm) 2010-10-24 2010-11-21 2010-12-6 

0.5 2.72 2.72 2.71 2.72 5.43 

2.3 3.12 3.14 3.13 3.13 0.23 

4.5 4.28 4.28 4.28 4.28 0.52 

4.6 4.41 4.42 4.42 4.42 1.37 

9.5 4.86 4.86 4.87 4.86 0.09 

13.6 5.15 5.16 5.18 5.16 0.07 

18.5 5.10 5.11 5.12 5.11 ∼0.0 

27.5 5.56 5.58 5.58 5.57 0.05 
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and 7 mm for piers at DK152. When the load increases from 
5 MN to 17 MN at DK124 and from 5 MN to 10 MN at 
DK152, the settlement of the pile cap reaches 6.5 mm and 8 
mm respectively, which is an increase of 100%. When the 
load increases from 17 MN to 20 MN for DK124 and from 
10 MN to 15 MN for DK152, the increase in the settlement 

of the pile cap is small; the settlement becomes stabilized 
and the total settlement is approximately 7 mm for the piers 
at DK124 and 9 mm for the piers at DK152. 
 The above results show that the maximum settlement 
values measured in the field are within the limits allowed by 
the standard specifications. The TB10002.5-2005 code 

 
Fig. (7). Sketch of the soil layers of Beijing-Shanghai high-speed railway bridge at location DK124, D18 (all the length dimensions in me-
ter). 

Table 6. DK152 Worksite Compression Results for Compressed Layer (piers F371 and F372) 

Location (m) (under 
the pile tip) 

Compression (mm) Average compres-
sion (mm) 

Compression per meter between adja-
cent measurement points (mm) 2010-10-24 2010-11-21 2010-12-6 

0.5 4.12 4.13 4.13 4.13 8.25 

5 5.94 5.95 5.93 5.94 0.40 

10 6.38 6.39 6.39 6.39 0.09 

20.3 6.49 6.51 6.51 6.50 0.01 

25.35 6.55 6.56 6.58 6.56 0.01 
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(3.2.1) specifies an allowable settlement of 40–80 mm [11], 
and the code for “200 kilometre per hour passenger railway 
interim design provisions” specifies an allowable settlement 
of 50 mm [12]. Ballast railways have two requirements: the 
allowable settlement of a single foundation must be not more 
than 80 mm, while two adjacent foundations may have set-
tlement of not more than 40 mm. The foundations for simply 
supported deck bridges are frequently designed for differen-
tial settlement with relative rotations of up to 1/800 (40 mm 
in a 32 m span) [13]. In reasonably homogeneous soils, dif-
ferential settlements between adjacent foundations are often 

assumed to make up half of the total settlement. Thus, under 
these criterions the total measured settlement of the bridge is 
less than the allowable settlement.  

2.6. Problem Statement 

 Foundation design like other structural design requires a 
good sound basic approach in order to achieve a truly suc-
cessful result [14]. The stability of the structure depends 
upon the stability of the supporting soil, the foundation must 
not settle beyond a tolerable limit to avoid damage of the 

 
Fig. (8). Sketch of the soil layers of Beijing-Shanghai high-speed railway bridge at location DK152, F371 (all the length dimensions in me-
ter). 
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structure [15]. Structures built on deep soft soils are prone to 
excessive settlement. A large portion of this settlement is 
attributed to the consolidation process, which may continue 
for an extended period depending on the soil’s ability to dis-
sipate the excess pore water pressure imposed by the con-
struction loads. The relationship between settlement and time 
is not linear because a large percentage of settlement usually 
takes place early in the timeline [16]. The consolidation 
characteristics of the soil are influenced by numerous factors 
including the size and shape of the soil particles, the mois-
ture content, permeability, initial density and physical and 
chemical properties of the soil. Predicting the amount of set-
tlement is possible after the soil characteristics have been 
determined, and the determination of pressure distribution 
below the loaded area which is due to the estimated struc-
tural loading [17]. It is mentioned previously that the deter-

mination of the compressed layer thickness is considered as 
a difficult task in the deep soft soil area. This problem has 
been solved for this project using the single point of account 
settlement meter in the field. The other difficulty is to find 
the suitable way to predict the long-term of settlement to 
show its effect on the structure. The next sections show the 
developed results of the settlement obtained from the numer-
ical analysis. 

3. RESULTS AND DISCUSSIONS 

3.1. Settlement Prediction by Hyperbolic Modeling 

 Settlement prediction through the use of a hyperbolic 
function assumes an average settlement speed that is used to 
predict the long-term settlement based on initially measured 
settlement amounts. The hyperbolic method has been shown 

Fig. (9). Compression settlement of pier D18 at DK124. 

Fig. (10). Compression settlement of piers D18 and D19 at DK124. 
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to be useful for settlement prediction in complex soil forma-
tions. It is demonstrated that the hyperbolic method is appli-
cable to infinitesimal strain, finite strain, nonlinear soil prop-
erties, and non homogeneous soil conditions [18]. The hy-
perbolic method can be used for settlement estimation of 
highly compressible soils [19]. However, when an apprecia-
ble portion of the settlement is due to secondary compres-
sion, settlement prediction based on the slope of the initial 
linear portion of the hyperbolic plot requires a correction 
factor that would depend on the amounts of secondary com-
pression. Although the inverse of the slope of the hyperbolic 
curve’s final linear portion can provide reasonable estimates 
of the total settlement including secondary compression, 
establishing the curve slope requires data beyond 90% con-
solidation, and this renders the hyperbolic method less useful 
for practical applications [20]. The settlement can be calcu-
lated at any time after loading completion through the use of 
the following equation [21]. 
S = S0 + (t / (α + β×t)) (1)  
 Where: S is the settlement amount at time t in mm, So is 
the initial settlement amount (at the time of completion of 
girder construction according to the field measurements) in 
mm, t is the time in days. α and β are the coefficients, after a 
straight line is calculated, the coefficients α and β can be 
calculated for the intersection of the line with the vertical 
axis and slope of the line, respectively, as shown in Fig. (12). 
Values of α = 8.394 and β = 0.505 are found to be according 
to the data for pier No. 18, and pier No. 19 has the values of 
α = 30 and β = 0.25. The predicted settlement values for 
piers Nos. 18 and 19 are obtained through using equation 1 
as shown in Figs. (13 and 14), respectively. 
 Figs. (13 and 14) clearly show the settlement field meas-
urements of the loads imposed, with the required construc-
tion time, in addition to the predicted settlement for a period 
longer than that of the field test. The results show that long-
term settlement will not be large as compared to the site 
measurements. The predicted settlement values are about 6.5 

mm for pier No. 18, and 8 mm for pier No. 19 in the DK124 
worksite. The predicted curves closely match the experimen-
tal curves and indicate that the structure will not be affected 
by the long-term consolidation. The initial settlement was 
considered for this model at the time of beam girder con-
struction. After this initial value, the settlement increased 
abruptly to reach its maximum predicted value. 
 As shown in Figs. (15 and 16), the long-term settlement 
predicted by the hyperbolic model for piers F371 and F373, 
respectively closely matched the field test results. The piers 
F371 and F373 have coefficient values of α = 80, β = 0.761 
and α = 45, β = 1.29, respectively. 

3.2. Settlement Prediction by Statistical Regression 

 Regression analysis is one of the most commonly used 
analysis of the statistical tools. The estimated regression 
equation is a function of the estimates of the slope and inter-
cept [22,23]. Different constants may be added to variables 
to yield the original variables which are to be used in the 

 
Fig. (11). Compression settlement of piers F371, F372 and F373 at DK152. 

 

Fig. (12). Hyperbolic function curve coefficient calculation. 
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simple linear regression model [24]. In this study, the SAS 
software is used to obtain the settlement prediction by con-
sidering the time and load as independent variables and the 
settlement reading as dependent variable [25]. Appendix A 
shows the log file of the input program that is used to find 
the output results. From the analysis, the following equation 
is derived for pier 18: 
St18 = – 0.812 – 2.674 L – 0.015 t + 0.007 Lt (2) 

 Where: St18 is the settlement value for pier 18 at time t in 
mm, L is the load/10 MN and t is the time in days. 
 The first parameter of the above equation constituted the 
initial value of settlement and this parameter represented the 
intercept variable in the statistical analysis. The settlement 
during the testing time and settlement prediction can be cal-
culated by equation 2 for pier 18 as shown in Fig. (17).  
 For pier F372 at worksite DK152, the statistical equation 
is derived from the field data as shown in the following: 

 
Fig. (13). Field settlement, load overtime and predicted settlement curves for pier No. 18. 

Fig. (14). Field settlement, load overtime and predicted settlement curves for pier No. 19. 

 
Fig. (15). Field settlement, load overtime and predicted settlement curves for pier No. F371. 
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 StF372 = – 4.291 – 2.771 L – 0.011 t + 0.007 Lt (3) 
 Based on the results obtained by applying equation 3 of 
the statistical analysis, as shown in Fig. (18), the statistical 
regression method is appropriate to predict the settlement for 
long period. The predicted settlement has a slight downward 
trend but remains controlled and within the limits allowed 
for the long-term settlement. In the statistical analysis, the 

data have random readings; therefore, they are adjusted for 
this aspect to get better results and this may be considered as 
disadvantage in the statistical regression.  
 From the results obtained in the output of the program 
shown in Appendix A, the pattern in Fig. (19) indicates that 
it may assume that the residuals are not normally distributed 
and constant in variance at each level of the predicted values. 

 
Fig. (16). Field settlement, load overtime and predicted settlement curves for pier No. F373. 

 
Fig. (17). Settlement at pier No. 18 calculated by the statistical regression method. 

 
Fig. (18). Settlement at pier No. F372 calculated by the statistical regression method. 
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Also, according to QQ-plot analysis, the data are supposed to 
be normally distributed if the plot forms a straight line, 
whereas if the plot creates some upward or downward curva-
tures, the data are supposed to be right-skewness and left-
skewness, respectively. In the QQ plot shown in Fig. (20), 
the up and down wave form supports indicated that the pre-
dicted settlement is not normally distributed. Therefore, the 
previous discussion explains that the data of the project used 
in this study are difficult to be analyzed by the statistical 
models, so the next sections will deal with the three dimen-
sional finite element analysis with new modification to get 
better results of settlement in the deep soft soils.  

3.3. Finite Element Numerical Analysis with Plaxis 3D 

 Three-dimensional finite element numerical analysis in 
Plaxis program is used to verify the models shown in Figs. 
(6, 7 and 8) to calculate the settlement parameters. The pro-
gram took the soil’s characteristics and strength parameters 
into consideration. In the finite element analysis, a Mohr-
Coulomb model with drained conditions is used to simulate 
the soil material, the soil around the pile is expected to be 
subjected to large deformations; therefore a non-linear mate-
rial model is used. The pile-soil interface is modeled by the 

interface element with Mohr-Coulomb. A linear elastic non-
porous material model is used to represent the piles and pile 
cap of the reinforced concrete structure. The bored piles 
shaft shape is circular with different diameters and depths for 
each pier as mentioned previously. A 3D model is used for 
modeling a vertical pile in a clay deposit by including the 
elastoplastic behavior of soil and slippage of soil due to axial 
load [26,27].  
 The model required five basic input parameters: Com-
pression modulus, Es; Poisson’s ratio, ν; cohesion, c; friction 
angle, ϕ; and dilatancy angle, ψ. The implications of these 
requirements are appreciated by considering the Mohr-
Coulomb equation in the following form [28]:  
Su0 = c΄m + (σ  ̶ u) tanϕ΄m  (4) 
 Where, Su0 is the shear strength. The parameters c΄m and 
ϕ΄m are the cohesion intercept and friction angle mobilised at 
yield, σ is the applied normal stress and the pore water pres-
sure, u, is the sum of hydrostatic or steady-seepage pore wa-
ter pressure u0 and the shearing pore water pressure ∆u. The 
finite element mesh models of DK124 and DK152 are shown 
in Figs. (21 and 22), respectively. 

 
Fig. (19). Residual versus predicted value at pier No.18. 

Fig. (20). Settlement versus normal quantiles at pier No.18. 
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3.3.1. New Formula for Compression Modulus Estimation 

 The most difficult part of a settlement analysis is the 
evaluation of the compression modulus Es that would con-
form to the soil condition in the field [29]. As already noted 
above, in connection with the characteristics of finite ele-
ment method, we put forward a formula of compression 
modulus related to soil layer depth in natural state: 

Es,z = Es,0.1-0.2 . (z/h0)1/β (5) 
 In the Eq. (5): β is the parameter, the value is taken from 
Table 7; z is the depth of soil layer, m; h0 is a reference 
depth, it can be used as h0=1m; Es,0.1-0.2 is the compression 
modulus under the pressure of 0.1~0.2MPa, this value can be 
used from soil test report, MPa.  
 This is a formula of compression modulus related to soil 
layer depth. In the process of calculation by finite element 
method, on the basis of the value of soil test report, the varia-
tion value of compression modulus along with the soil depth 
is obtained by the proposed equation.  
 Eq. (5) can provide conservative calculated values for 
compression modulus by which the results of Plaxis 3D 
Foundation program will be more accurate and approaching 
to the real behavior of settlement in the field. Using above 
equation will increase the value of compression modulus 
Es,0.1-0.2, therefore, the increase of the soil compression 
modulus will reduce the overall settlement [30,31]. In Ap-
pendix B, Figs. from B.1 to B.7 show the field values of 
Es,0.1-0.2 for both DK124 and DK152 worksites as compared 
to the maximum and minimum values of modified calculated 
compression modulus. The consistency of the soils is accord-
ing to the specifications of the British standard code (BS) 
[32]. In the HBS H code, fine soils are divided into ten classes 
based on their measured plasticity index and liquid limit val-
ues: clays are distinguished from silts, and five divisions of 
plasticity are defined (see Table 8 and Fig. 23): 
 According to the specifications of the soil plasticity 
maintained using Table 8 and Fig. (23); the value of β can be 
found in Table 7 and Eq. (5) can be applied to calculate the 
modified compression modulus. Table 7 shows the value of 
β for more cohesive and less cohesive soils, also it can be 
used to modify the theoretical calculations of the soil settle-
ment which depend on the compression modulus as a pa-
rameter for this aspect. 
 The compression modulus of clayey soils is usually as-
signed with very high correction factors. It is demonstrated 
that the basic reason to correct these modulus is the require-
ment to account for the effect exerted by so-called leakage 
pressures on the skeleton of the soil specimens being tested. 
These leakage pressures are developed due to the fact that 

 
Fig. (21). FEM mesh model of DK124.  

 
Fig. (22). FEM mesh model of DK152. 

Table 7. Value of β 

Value of β* Name and characteristics of soil layer 

2.5~3.5 

Cohesive soil, silt: solid, hard plastic; 

Sandy soil: medium-density and above that; 

Sandy gravel soil: with good grading. 

3.5~5 

Cohesive soil, silt: plastic; 

Sandy soil: a little more density than common sandy soil to medium-density; 

Sandy gravel soil: with not good grading. 

5~8 
Cohesive soil, silt: plastic to soft plastic; 

Sandy soil: loose to a little more density than common sandy soil. 

8~10 Cohesive soil, silt: soft plastic to worse. 

*: The increasing stiffness is the smaller value of β. 

javascript:Glossary('gloss_b.htm#BSCS')�
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consolidation filtration in soils is only possible when certain 
initial pressure gradients are attained [33]. 
3.3.2. Construction Sequence and Calculation Items  

 A finite element analysis of any physical problem re-
quires that a mesh of finite elements should be generated. 
The generation of finite element meshes is a fundamental 
step and may require significant human and computational 
efforts [34]. The loads due to construction above the pile cap 
are transmitted to the top surface of the pile cap through the 
bridge pier. These loads can be as considered uniformly dis-
tributed loads. The pressure applied in the model is calcu-
lated by dividing the total construction load by the area of 
the pier. The pier area is about 15.9 m2 for DK124 and 11.15 
m2 for DK152, which represents the pressure area on the top 
of the pile cap and pressure can be calculated corresponding 
to the different construction stages. A total of twelve calcula-
tion steps are performed, as follows.  
 Step 0: The gravity is applied to the original configura-
tion, simulating the initial field stress. 

 Step 1: Construction is started from drilling holes until 
completion of the pile construction. During construction, 
consolidation occurs in soils and settlement of the pile group 
is achieved. 
 Step 2: Construct the lower pile cap to the designed 
thickness; the construction of the lower pile cap is complet-
ed. 
 Step 3: The same as above in step 2 but for the upper pile 
cap. 
 Steps 4-12: A greater load is applied. This load is equiva-
lent to the construction loads sequence for each bridge. 
 The material properties of the piles and pile cap which is 
used in the models are shown in Table 9. 
 The above steps are applied in the Plaxis program by 
taking into consideration the modified values of compression 
modulus calculated by Eq. (5). The results of the numerical 
analysis for piers D18 and D19 in DK124 worksite are 
shown in Figs. (24 to 27). The final vertical displacement 
value in Fig. (24) is about -13.71 mm; the minus sign refers 

Table 8. Plasticity of the Soil According to the Liquid Limit Values (BS Code) 

Low plasticity wL = < 35% 

Intermediate plasticity wL = 35 - 50% 

High plasticity wL = 50 - 70% 

Very high plasticity wL = 70 - 90% 

Extremely high plasticity wL = > 90% 

Where: wL is the liquid limit of soil. 

Fig. (23). Plasticity chart for the classification of fine soils and the finer part of coarse soils (measurements made on material passing a 425 
mm sieve, in accordance with BS 410). 
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to the direction of the displacement. This value is close as 
compared to the maximum values shown in Fig. (10) and 
gives good indication when considering the numerical analy-
sis. The values of incremental displacement, total Cartesian 
strain and active pore water pressure are adequate as shown 
in Figs. (25, 26 and 27), respectively. Fig. (27) shows the 
active stress scenario in the soil; the pore pressure gives in-

dication that it would not increase the final value of the con-
solidation settlement by the effect of train loads and secon-
dary compression.  
 In the same manner Figs. from (28 to 31) represent the 
results of the numerical analysis for DK152, piers F371 and 
F372. The total vertical displacement is -13.5 mm as shown 
in Fig. (28); this value is also close from the field measure-
ments (see Fig. 11) and gives appropriate indication for the 
3D numerical to calculate the settlement in the deep soft soil 
area. The other numerical calculations represented by the 
incremental displacement, total Cartesian strain and active 
pore water pressure are shown in Figs. (29, 30 and 31), re-
spectively. The above numerical calculations indicate the 

 
Fig. (24). Total vertical displacement (Uy) for soil layers of the 
DK124 model. 

 
Fig. (25). Incremental displacement for soil layers of the DK124 
model. 

 
Fig. (26). Cartesian total strain for soil layers of the DK124 model. 

 
Fig. (27). Active pore pressure for soil layers of the DK124 model. 

Table 9. Material Parameters for Pile Foundation 

Worksite Item Unit Weight (kN/m3) Poisson Ratio Compression Modulus (GPa) 

DK124, DK152 Pile Cap and Pile 25 0.15 30 
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normal operations of the soil and the design satisfy of the 
project. The numerical analysis of finite element may pro-
vide a precious way to predict the settlement by considering 
the new modification in calculating the compression 
modulus and applying the correct procedure for simulating 
the data in the program. Figs. (32 and 33) show the calcu-
lated results for the simulation of the pile installation se-
quence as compared to the measured results obtained from 
the field monitoring through which it can be observed that 
appropriate results obtained using the empirical equation. 
 In Appendix C, Figs. from (C.1 to C.8) show the results 
of the numerical analysis for both models DK124 and 
DK152, without using the new empirical equation to calcu-
late the compression modulus Es that is used in the Plaxis 
program. The results of the total vertical displacements are -
29.36 mm for DK124 and -39.67 mm for DK152 as shown 
in Figs. (C.1 and C.5), respectively. These values are far 
from that measured in the field which give a good indication 
and confidence to the results obtained using the proposed 

equation of compression modulus. Besides the other parame-
ters calculated and represented by the incremental displace-
ment, total Cartesian strain and active pore water pressure as 
shown in Figs.(C.2, C.3 and C.4) for DK124 and C.6, C.7 
and C.8 for DK152, are also far different from the real be-
havior of the soil. Therefore, the new formula used in this 
paper can modify the results of the numerical analysis calcu-
lated by the three dimensional Plaxis program and can be 
applied in the norms calculations, which depend on the com-
pression modulus to estimate the settlement.  

CONCLUSION 

 The field tests of Beijing-Shanghai bridges show the set-
tlement values and explain the process of consolidation over 
construction time. The field measurements show new tech-
nique to estimate the thickness of compressed layer which is 

 
Fig. (28). Total vertical displacement (Uy) for soil layers of the 
DK152 model. 

 
Fig. (29). Incremental displacement for soil layers of the DK152 
model. 

 
Fig. (30). Cartesian total strain for soil layers of the DK152 model. 

 
Fig. (31). Active pore pressure for soil layers of the DK152 model. 
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considered a difficult task in the deep soft soils. The results 
indicate that the structure would not reach critical settlement 
values at the completion of consolidation. The predicted set-
tlements being calculated with a statistical regression and a 
hyperbolic model present corresponding estimates for future 
settlement. The new method presented in this paper using 
new empirical equation to calculate the compression 
modulus in order to predict the settlement in Plaxis 3D pro-
gram, provides good estimation of the settlement in the deep 
soft soil area.  
 The three-dimensional finite element analysis predicts an 
extent of settlement agreed with that measured on the project 
site and confirmed the validity of the experimental work. 
The incremental soil displacements fell within the permissi-
ble limits, and the active pore water pressure that indicated 
the long-term consolidation would not cause excessive set-
tlement after the completion of water dissipation. The total 
displacement calculated using the modified analysis is 13.71 
mm for piers of DK124 and 13.5 mm for piers of DK152., 

They are closely compared to that measured in the field and 
predicted using the hyperbolic model and statistic regression, 
which reached a maximum value of 9 mm under the accept-
able limit. Therefore, the finite element analysis in Plaxis 3D 
program with the new modification not only gives a care-
fully estimation but also an indication of the settlement con-
ditions at the site.  
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APPENDIX A 

Code file of settlement data for pier D18 

input Settlement load time; 

 
 

 
Fig. (32). The calculated results compared with the measured results of DK124. 

 
Fig. (33). The calculated results compared with the measured results of DK152. 
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ODS GRAPHICS ON; 
PROC univariate Data = bridge; 
qqplot settlement; run; 
PROC Reg Data = bridge; model Settlement = load time 
Interaction;  
plot predicted.*residual.; run; PROC Reg Data = bridge; 
model Settlement = time; run; 

APPENDIX B 

 
Fig. (B.1). Compression modulus calculation of DK124+676.89. 

 
Fig. (B.2). Compression modulus calculation of DK124-644. 

 
Fig. (B.3). Compression modulus calculation of DK124-710. 

 
Fig. (B.4). Compression modulus calculation of DK152+996.45. 
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Fig. (B.5). Compression modulus calculation of DK152+981.27. 

 
Fig. (B.6). Compression modulus calculation of DK153+013.97. 

 

 

Fig. (B.7). Compression modulus calculation using the new modi-
fied formula of DK153+046.67. 

APPENDIX C 

 
Fig. (C.1). Total vertical displacement (Uy) for soil layers of the 
DK124 model. 
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Fig. (C.2). Incremental displacement for soil layers of the DK124 
model. 

 
Fig. (C.3). Cartesian total strain for soil layers of the DK124 model. 

 
Fig. (C.4). Active pore pressure for soil layers of the DK124 model. 

 
Fig. (C.5). Total vertical displacement (Uy) for soil layers of the 
DK152 model. 

 
Fig. (C.6). Incremental displacement for soil layers of the DK152 
model. 

 
Fig. (C.7). Cartesian total strain for soil layers of the DK152 model.     
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Fig. (C.8). Active pore pressure for soil layers of the DK152 model. 
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