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Abstract: Ground deformation, due to tunneling, is one of the most significant challenges in 
tunnel design in soft ground along with, the predicting the related effects of tunneling on 
nearby structures. One of the methods of predicting ground settlement in tunneling projects, 
is to use analytical and numerical methods. By measuring the amount of settlement with 
accurate instruments and back-analysis of behavioral measurement data, in addition to 
estimating the state of settlement of the ground and surrounding structures, it is possible to 
determine the geotechnical parameters of the soil and structure in the design of upcoming 
sections and future designs. In this study, an attempt has been made to verify the measured 
settlements caused by digging the tunnel of an urban train line, by using back analysis. For 
this purpose, comparisons with predictions obtained from empirical and analytical methods 
and the Geotechnical Engineering Finite Element Analysis software (PLAXIS) was used.  
The results show that often, the empirical methods obtain values more than the measured 
values, for ground settlement. 

Keywords: Tunnel excavation; surface settlement; back analysis; PLAXIS; civil engineering; 
infrastructures; transportation; mobility 
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1 Introduction 

Displacements that occur in the ground, which are the result of tunneling activities 
in urban environments, is one of the most important challenges in digging shallow 
tunnels in soft ground that usually exists in urban areas is the problem of land 
settlement and its impact on the nearby urban structures and facilities [1]. Further, 
ground-borne vibrations from railway or tramway tracks can cause damage to 
nearby urban structures and facilities [2-6]. Reliable forecasting of the 
aforementioned displacements, to assess possible human-financial losses and 
consider protective measures to reduce the above risks, are very useful. The effects 
on nearby structures such as existing tunnels, deep foundations, and so on, depend 
on the extent of the surface settlement profile and its amount. The effects of this 
change of location on the surface and buried structures and their servicing should 
be checked and settlement should be prevented if necessary. Displacements 
resulting from tunnel excavation in the soft ground can be predicted by various 
methods, including experimental methods based on field measurements [7-10], 
empirical and semi-empirical methods [11-13], numerical models [1, 14, 15], and 
physical models [16]. In these relationships, parameters such as the tunnel 
properties and its depth, the ground conditions, and the amount of volume reduction 
or convergence caused by tunnel digging are effective. The amount of ground 
settlement, its direction, and location within the tunnel depend on geotechnical 
conditions, static stresses in the ground and loads on the surface, underground water 
conditions, tunnel excavation method, and the type of tunnel lining. The recorded 
data provides the possibility of comparing analytical methods with monitoring data 
and calibrating and validating the numerical methods [1]. 

One of the best methods for estimating the ground displacements in upcoming 
sections is the back analysis and numerical modeling of the monitoring values 
measured in similar conditions. Back analysis can approximate the cross-section of 
settlements with the Gaussian distribution curve [7], by fitting the monitoring data 
with the Gaussian curve parameters. In the present research, the observed 
settlements in the northern part of Mashhad city urban train line 2, are compared 
with the results of empirical and analytical relationships, as well as numerical 
modeling. Using the results of field measurements of ground settlements and back 
analysis, the required parameters for predicting the settlement in the next sections 
have been determined, and it will be possible to predict the settlement in similar 
future sections with a higher degree of confidence. This finding can provide new 
strategies for settlement prediction and deformation control methods. 
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2 Project Specifications 

The Mashhad urban train line 2 has a length of 14.3 kilometers, a diameter of 9.4 
meters, and a depth of between 10 and 23 meters. The soil layers are often fine-
grained (CL-ML, USCS classification) up to a depth of 16 meters. From a depth of 
16 to 25 meters, it is SM and the underground water level is in the depth is 22 meters, 
almost 3 meters below the lowest level of the tunnel. In Figure 1, the geometric 
situation of the tunnel placement in the ground layers, the dimensions of the tunnel, 
the type of the layers’ material, and the underground water level are schematically 
shown [17]. In the first section of the tunnel excavation (northern part), nearly 300 
meters long, more than 50 triple rows of settlement pins have been installed and 
measured. In this research, the settlement that occurred in this part was analyzed 
and compared with empirical relationships and numerical results. 

4.7 m

14
.1

 m CL-ML

SC-SM
Water level

 
Figure 1 

The cross-section of the ground profile and tunnel 

3 Surface Ground Settlement Calculation 

Reviewing the technical literature on the estimation of surface settlement resulting 
from tunnel excavation shows various analytical-empirical methods. In these 
methods, relationships have been presented that estimate the settlement profile at 
the surface and different depths of the ground. Although these methods are semi-
empirical/semi-analytical and give an approximation of deformations, it must be 
noticed that these methods can be a quick and useful analysis for settlement 
approximation. In this part, the surface settlement and settlement parameters, 
including Gaussian curve inflection point, volume loss, and maximum settlement, 
were calculated using experimental relations and compared with the results 
obtained from the measured data in the subsequent section. 
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Peck showed that the ground settlement curve due to tunneling has a normal 
distribution curve [7]. The settlement profile is increased in depth and has the 
highest value on the central axis of the tunnel (Gaussian distribution curve) [18]. 
Based on the data obtained from the measurement of the ground surface settlement 
profile, the settlement is defined according to the following equation [7, 19]. 

𝑆𝑆 = 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 × 𝑒𝑒
–𝑥𝑥2
2𝑖𝑖2  (1) 

where Smax is the maximum settlement at the vertical tunnel centerline, x is the 
distance from the axis of the tunnel, i is the curvature point of the settlement curve. 
The trough width, i, is the distance from the center line of the tunnel to the inflection 
point of the curve. The total width of the settlement profile is approximately equal 
to 5i [20]. 

The following empirical equation is also proposed by Attewell to estimate surface 
settlement [9]: 

𝑆𝑆 = (𝑉𝑉𝑆𝑆 × 𝑒𝑒
–𝑥𝑥2
2𝑖𝑖2)/√2𝜋𝜋   (2) 

In equation 2, VS is equal to the total volume of ground surface settlement in one 
meter of tunnel length. The volume of the settlement curve per unit of tunnel length 
(VS) depends on the type of ground and the drilling method and is obtained from the 
integration of equation 1 [14]: 

𝑉𝑉𝑠𝑠 = √2𝜋𝜋  𝑖𝑖𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 (3) 

Another dimensionless parameter called volume loss or ground loss is defined, 
which is equivalent to the amount of contraction of the tunnel opening. VL is the 
surplus volume (in terms of the theoretical volume of the excavated tunnel) of the 
dug ground and is calculated as the percentage of the volume of the settlement curve 
(VS) divided by the volume of the tunnel (Vt) per unit length [14]: 

𝑉𝑉𝐿𝐿 =
𝑉𝑉𝑠𝑠
𝑉𝑉𝑡𝑡

=
√2𝜋𝜋  𝑖𝑖𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚

(𝜋𝜋𝐷𝐷2/4)
≅ 0.319 𝐾𝐾 �

𝑍𝑍0
𝐷𝐷
� �
𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚
𝐷𝐷

� (4) 

Where Z0 is the depth of the tunnel axis and D is the diameter of the tunnel. By 
combining the above equations and considering i = kZ0, the following equation can 
be deduced, to obtain the Smax parameter: 

𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 =
0.313𝑉𝑉𝐿𝐿
𝑘𝑘𝑍𝑍0

𝐷𝐷2 (5) 

In order to increase the accuracy of predicting settlements and deformations of the 
ground caused by tunneling, there is a need to choose the appropriate values of the 
mentioned parameters. Different methods of obtaining volume loss parameters (VL), 
the turning point of the settlement curve (i), and maximum settlement (Smax) are 
given in the following sections. 
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3.1 Determination of Ground Settlement Measurement 
Parameters 

3.1.1 Inflection Point Parameter (i) 

The inflection point of the Gaussian curve, i, has been investigated by many 
researchers. O’Reilly and New proposed equation 6 to determine the inflection point 
(i) in a tunnel with a depth of Z0 [8]. 

i = 0.43Z0 + 1.1  3 < Z0 < 34 m  for cohesion soils 

i = 0.28Z0 – 0.1  6 < Z0 < 10 m  for granular soils 
(6) 

Other equations presented by other researchers to determine the parameter i are 
given in Section 6.1. 

3.1.2 Volume Loss Parameter (VL) 

In addition to equation 4 which was presented to determine the volume loss, 
Loganathan and Poulos presented equation 7 to calculate volume loss in shield 
tunnels [10]. This equation is dependent on the free space parameter (g) and it is 
obtained from the sum of three components related to the free space behind the 
tunnel cover resulting from the difference in the diameter of the tunnel cover and 
trail shield, the three-dimensional shape changes of the working chest and the 
quality of tunnel excavation. 

ε0 = VL = 
π(R + 0.5g)2 –  πR2

πR2  = 
4gR + g2

4R2  (7) 

where ε0 and VL are the volume loss value, R is the radius of the tunnel and g is the 
gap parameter, and it is obtained according to equation 8. 

𝑔𝑔 = 𝐺𝐺𝑃𝑃 + 𝑈𝑈3𝐷𝐷∗ + 𝜔𝜔 (8) 

where GP is the free space outside the lining, 𝑈𝑈3𝐷𝐷∗  is equivalent to the three-
dimensional elastoplastic deformation of the tunnel face, and ω is a value related to 
work skill. Due to the use of the EPB tunneling machine and the control of the 
deformations of the tunnel face, 𝑈𝑈3𝐷𝐷∗  is assumed to be equal to zero. Also, the work 
skill parameter is assumed to be equal to zero. Regarding the injection of grout 
behind the tunnel lining with cement mortar, GP is recommended to be assumed 
equal to 0.07 in the above formula [10]. 

Table 1 presents the result of volume loss calculations based on equations 7 and 8, 
taking into account the difference between the boring radius and the outer radius of 
the tunnel lining (without grout injection, ω≅0.6Gp) and the difference between the 
drilling radius and the lining radius (full injection) and also normal injection (7% 
space behind the segments). 
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Table 1 
Volume loss calculations based on the Loganathan and Poulos study 

Conditions VL(%) g(m) R(m) D(m) 
No grout injection 3.66 0.17 4.55 9.1 
Complete injection 0.18 0.01 4.55 9.1 
Normal injection 0.25 0.01 4.55 9.1 

3.1.3 Maximum Settlement (Smax) 

Assuming parameter i is equal to 6.75 meters and considering VL equal to 0.5, 1, 
and 2%, the settlement curve is predicted using Peck's equation [7], and depicted in 
Figure 2. 

 
Figure 2 

Settlement curve based on Peck's equation 

Further, Loganathan and Poulos proposed equation 9 to calculate ground settlement 
[10]. 

𝑆𝑆𝑍𝑍=0 = 4𝜀𝜀0(1– 𝜐𝜐)𝑅𝑅2
𝐻𝐻

𝐻𝐻2 + 𝑦𝑦2
𝑒𝑒

– 1.38𝑦𝑦2
(𝐻𝐻+𝑅𝑅)2  (9) 

where ε is the lost volume, υ is Poisson's ratio of the soil above the tunnel, R is the 
radius of the tunnel, H is the depth of the tunnel, and y is the lateral distance from 
the tunnel axis. Using the volume loss calculated in section 3.1.2, equal to 0.018 by 
assuming full injection, and considering the tunnel axis, the maximum settlement is 
predicted according to Table 2. 

Table 2 
Prediction of maximum settlement by Loganathan and Poulos’s equation 

VL υ R (m) H (m) y (m) Sz=0 (m) 
0.02 0.35 4.55 14.1 0 0.068 

Oteo and Moya also proposed equation 10 to estimate the top settlement of the 
tunnel (Sarch) [21]. 
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𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎ℎ = (𝜓𝜓(0.85– 𝜐𝜐)𝛾𝛾𝐷𝐷2)/𝐸𝐸 (10) 

where γ is the density of the earth, D is the diameter of the tunnel, E is Young's 
modulus of the earth, υ is Poisson's ratio, and ψ is a coefficient related to the 
activation speed of the support inside the tunnel (its values are generally between 
0.25 and 0.5, but, for the case when there is no support in the tunnel face, it is equal 
to one), and Sarch is the settlement on the tunnel crest. The values of the maximum 
ground settlement based on equation 10 are presented in Table 3. 

Table 3 
Prediction of maximum settlement by Oteo and Moya equation 

NO. ψ υ γ(kN/m3) D(m) E(kN/m2) Sarch (m) 
1 0.25 0.35 18 9.4 35000 0.006 
2 0.5 0.35 18 9.4 35000 0.011 

Mair et al. proposed equation 11 to calculate ground settlement [20]. 

(𝛿𝛿/𝑎𝑎) = (𝑠𝑠𝑢𝑢/2𝐺𝐺)(𝑎𝑎/𝑟𝑟)𝑒𝑒(𝑁𝑁–1) (11) 

where Su is the undrained shear strength, G is the shear modulus, a is the inner radius 
of the tunnel, δ is the radial displacement in radius r, and N is the stability ratio (σ0 
= Su). Using the above equation, the amount of vertical settlement on the ground 
surface in two saturated and unsaturated conditions is calculated and presented in 
Table 4. 

Table 4 
Prediction of maximum settlement using Mair et al. equation 

Conditions Su (kN/m2) G (kN/m2) a (m) r (m) N δ/a δ (m) 
Saturation 70 13000 4.2 14.1 3.6 0.011 0.045 
non-saturated 100 22000 4.2 14.1 2.54 0.003 0.013 

Gonzalez and Sagaseta proposed equation 12 relations for soils with cohesion and 
internal friction angle [22]. 

ε = 
1
2
εs = �

Nc/2It                                                               if Nq< Nqc (elastic)
(Ncc/2It)[�Nq/Nqc�^((1–sin∅sinϑ)/(sin∅(1– sinϑ)))]    if Nq> Nqc (elastic-plastic)   

 (12) 

where in: 

𝑁𝑁𝑞𝑞𝑞𝑞 =
1

1– 𝑠𝑠𝑠𝑠𝑠𝑠∅  ,𝑁𝑁𝑐𝑐𝑐𝑐 =
𝑐𝑐𝑐𝑐𝑐𝑐∅

1– 𝑠𝑠𝑠𝑠𝑠𝑠∅  , 𝐼𝐼𝑟𝑟 =
𝐺𝐺

(𝑐𝑐 + 𝑝𝑝𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡∅) ,𝑁𝑁𝑞𝑞 =
𝑝𝑝0 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐∅
𝑝𝑝𝑖𝑖 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐∅

 ,𝑁𝑁𝑐𝑐 = �𝑁𝑁𝑞𝑞– 1�𝑐𝑐𝑐𝑐𝑐𝑐∅ 

P0 is the all-around stress of the earth (vertical and horizontal stress equal), pi is the 
tunnel face pressure, c is the cohesion, ∅ is the angle of internal friction, G is the 
shear modulus, and Ir is the hardness index. Using soil unsaturated parameters, Nqc 
is equal to 0.73 and in the case of applying a working chest pressure of more than 
0.73 bar, it should be considered as the elastic state, and in the working face pressure 
less than 0.7 bar it should be used the elastoplastic relationship. The amount of 
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ground displacement has been calculated in two cases of tunnel face pressure 
equivalent to 1.8 bar (average working chest pressure during tunnel excavation) and 
without applying tunnel face pressure during machine failure and work stoppage 
(Table 5). 

Table 5 
Prediction of maximum settlement by Gonzalez and Sagaseta equation 

Excavator 
conditions 

Soil 
conditions 

P0 
(kN/m2) 

Pi 
(kN/m2) 

G 
(kN/m2) 

C 
(kN/m2) 

ϕ (˚) υ 

With working 
chest pressure 

non- 
saturated 

273 180 22000 100 25 ¯ 

No chest 
pressure work 

non- 
saturated 

273 0 22000 100 25 0 

Excavator 
conditions 

Soil 
conditions 

Nc Nce Ir Nq Nqe ε 
(mm) 

With working 
chest pressure 

non- 
saturated 

0.51 ¯ 120 1.24 1.73 2 

No chest 
pressure work 

non- 
saturated 

2.73 1.57 220 2.27 1.73 7 

Chow also presented equation 13 to calculate vertical settlement [23]. 

𝑆𝑆 =– (𝛾𝛾𝐷𝐷2𝑍𝑍02)/4𝐺𝐺(𝑦𝑦2 + 𝑍𝑍02) (13) 

where γ is the density of the ground, D is the diameter of the tunnel, G is the shear 
modulus, Z0 is the depth of the tunnel and y is the distance from the tunnel axis. By 
using this equation, the settlement curve can be obtained at different distances from 
the tunnel axis. The maximum settlement on the crest of the tunnel is 18.13 mm 
according to Chow's relationship. 

4 Field Measurement of Settlements 

4.1 Observed Ground Surface Settlement 

To measure and monitor the deformation of the earth's surface, a leveling method 
with an accuracy of one millimeter has been used. For this purpose, pins with a 
depth of about 120 cm in three rows with a longitudinal distance of 10 meters (5 
meters in more sensitive sections) and a transverse distance (perpendicular to the 
path) of 5 meters, before the arrival of the drilling machine, were installed inside 
the ground and zero reading of their height has been done as a reference point.  
The position of the surface settlement gauge pins and the tunnel are shown in Figure 
3 [24]. To prevent the influence of the surface layer of the earth, the mentioned pins 
are fastened upon the earth only in their lower 40 cm. In addition to these points, 
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the surface settlement near the existing structures around the tunnel (distance of 20 
meters from the tunnel axis) has also been measured. The settlement recorded at 
these points was often zero. 

 
Figure 3 

The position of the surface settlement gauge pins (L, C, R), tunnel route axis (a), street (b), residential 
area (d), and tunnel entrance (e) 

All the information used in this paper is the result of reading the above mapping 
points. The results of the ground surface settlement in the center, left and right sides 
of the tunnel axis are presented in the diagram of Figure 4. This figure was extracted 
from [24] report. The settlement of the ground in the center of the tunnel is more 
than the points on the right and left sides of the tunnel, and the settlement in the 
points on the left and right sides is almost the same. Also, the settlement of the 
points, follows virtually the same process. 

 
Figure 4 

The measured settlement of the ground surface in the center, left, and right sides of the tunnel axis 

4.2 Distribution of Settlement in the Longitudinal Section 

In shield tunneling, the total ground settlement is caused by the following four 
stages [25]. Changing the shape of the front and top of the work front due to the 
release of tension (10 to 20%). This component will be a smaller amount in the case 
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of machines with the ability to apply pressure to the working face, such as EPB 
machines. Inductive displacements behind the shield (40 to 50%). These 
displacements are the result of additional drilling (the difference between the 
drilling diameter and the diameter of the shield), which is designed to reduce the 
friction between the shield and the ground, as well as the ease of angling and 
rotating the shield in curves. Settlement due to the space behind the segments 
resulting from the difference in the diameter of the tunnel cover and the tail skin (30 
to 40%). These displacements can be reduced by grout injecting. Settlement over 
time caused by tunnel lining deformation and soil creep or consolidation (5 to 10%). 
The settlement distribution in the longitudinal profile for the excavated path is 
shown in Figure 5 extracted from [26]. About 12% of the settlement occurred before 
the arrival of the cutter head, 48% during the excavation, and 40% during the lining 
and subsequently. 

 

 

 

 

Figure 5 
The distribution of the average settlement of the ground surface during tunnel excavation, with an earth 

pressure balanced shield (EPB) 

4.3 The Settlement in the Cross-Section 

Due to the presence of three surface settlement control pins, perpendicular to the 
longitudinal axis, in each row, the approximate transverse profile of the settlement 
curve can be drawn. The settlement curve of the ground surface for each row of pins 
is drawn in Figure 6.a, and in Figure 6.b. Further, the average settlement measured 
in cross-sections, the best adapted Gaussian distribution curve is shown. The ground 
settlement curve due to the tunnel excavation is in good agreement with the 
Gaussian curve (Equation 1). 
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(a) 

 

(b) 

 

Figure 6 
(a) Measured profiles of transverse surface settlement, (b) the average settlement of the ground surface 

in the cross-section, and the best-fitted Gaussian distribution curve 

5 Back Analysis of the Settlement Parameters 

Considering that the cross-section of settlements related to tunnel direction can be 
approximated by the Gaussian distribution curve (Equation 1). It is possible to use 
the equations related to the Gaussian curve to predict and back analysis of the 
settlement profile, using data obtained from field measurement. For this purpose, 
the inflection point of the Gaussian curve (i) can be obtained with the second 
derivative of equation 1 and the volume loss parameter (VL) from equation 4.  
The maximum settlement (Smax) using the measured data and the ratio of the 
inflection point to the tunnel depth, K, are obtained from the equation 𝐾𝐾 = 𝑖𝑖

𝑧𝑧
.  

The graphs related to the back analysis of the inflection point parameters of the 
Gaussian curve (i), volume loss (VL), maximum settlement (Smax), and parameter K 
obtained by fitting the data with the Gaussian curve (equation 1) are shown in Figure 
7. The average of these results is summarized in Table 6. 
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Figure 7 
The parameters resulting from the back analysis of the Gaussian surface settlement curve 

Table 6 
The average results of the back analysis by adopting the Gaussian curve to the measured data 

Component i (m) K VL (%) Smax (mm) 
Value 5.4 0.39 0.1 6 

6 Comparing the Analytical and Predicted Values 

Now, according to the results obtained from the prediction of the various parameters 
of the settlement curve and compared with the values obtained from the analysis of 
the measured data, it is possible to predict the settlement of similar sections of the 
project. The comparison of the measured values of Gaussian curve inflection point 
parameters, maximum settlement and volume loss parameters with the values 
obtained from the experimental relations is given in the following sections. 

6.1 Gaussian Curve Inflection Point (i) 

The presented methods and the calculation values of parameter i, considering the 
tunnel depth (Z0) of 14.1 m and the tunnel radius (R) of 4.7 m, based on the 
suggestions of different researchers are presented in Table 7. The parameter i is 
calculated by averaging the calculation values, equation 14 [1], whose value is 
suggested to be equal to 5.75. 
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𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎 =
(∑ 𝑖𝑖𝑛𝑛

𝑖𝑖=1 )
𝑛𝑛

= 5.75 (14) 

Table 7 
Various equations for predicting the inflection point, i 

Equation K i (m) Reference 
(𝑖𝑖/𝑅𝑅) = (𝑍𝑍0/2𝑅𝑅)𝑛𝑛  (𝑛𝑛 = 0.8 𝑡𝑡𝑡𝑡 1) - 6.7 ~ 5 Peck (1969) [7] 

𝑖𝑖 = 0.43𝑍𝑍0 + 1.1 - 7.16 O’Reilly and New [8] 
(𝑖𝑖/𝑅𝑅) = (𝑍𝑍0/2𝑅𝑅)0.8 ¯ 6.5 Clough & Schmidt [27] 

According to the diagram ¯ 4.8 ~ 7.2 Boscardin and Cording [28] 
𝑖𝑖 = 0.25(1.5𝑍𝑍0 + 0.5𝑅𝑅) ¯ 5.87 Atkinson & Potts [29] 
𝑖𝑖 = (0.4 𝑡𝑡𝑡𝑡 0.5)𝑍𝑍0 0 ~ 4.5 5.7 ~ 6 Mair & Taylor [20] 

𝑖𝑖 = 0.5𝑍𝑍0 0.5 7 Mair et al. [30] 
(𝑖𝑖/𝑅𝑅) = (𝑍𝑍0/2𝑅𝑅)0.8  (𝑛𝑛 = 1) 0.5 7 Attwell & Farmer [31] 

According to the different methods for calculating the inflection point of the 
settlement curve in Table 7, the equations presented by Mair & Taylor (1993) and 
Atkinson & Potts (1997) have better agreement with the measured values. 

6.2 Volume Loss Parameter (VL) 

The volume loss parameter, VL, is calculated on the basis of the methods provided 
in Section 3.1.2, and the results are presented in Table 8. 

Table 8 
Comparison of the volume loss suggested by different researchers with the measured value 

Researcher(s) Proposed VL (%) Measured VL (%) 
O’Reilly and New (1982) [8] 1-2 

0.1 

Mair & Taylor (1993) [20] 1-2 
Mair (2008) [32] >1 
Lunardi (2008) [33] 0.3 
Loganathan and Poulos (1998) [10] 0.25 
Macklin (1999) [15] 0.4 

According to Table 8, the equations proposed by Lunardi (2008) and Loganathan 
and Poulos (1998) have a better fit than others. 

6.3 Maximum Ground Settlement (Smax) 

The results of calculating the maximum settlement with the methods presented in 
Section 3.1.3 are also presented in Table 9. 
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Table 9 
Comparison of the maximum sitting suggested by different people with the observed value 

Researcher(s) Proposed Smax (mm)  Real Smax (mm)  
Peck (1969) [7] -VL = 0.5 % 20 

6 
(2 ~ 10) 

Oteo and Moya (1979) [21] 6 
Mair et al. (1993) [20] 13 
Gonzalez and Sagaseta (2001) [22] 2 
Loganathan and Poulos (1998) [10] 68 
Chow (1994) 18 

The equations proposed by Oteo and Moya (1979) and Mair et al. (1993) are closer 
to the average measured values. 

7  Numerical Studies 

Numerical Finite Element (FE) modeling is a useful tool for simulation and 
prediction of ground-induced deformation by tunneling. Using numerical methods, 
it is possible to calculate the distribution of stress and strain in the ground adjacent 
to the tunnel space due to the complex interaction between excavation and tunnel 
construction methods and the initial stress distribution, which often indicates 
inhomogeneous behavior. It is also possible to effectively consider the non-linear 
behavior depending on time or multi-stage construction. 

7.1 Numerical Modeling 

A numerical analysis of the tunnel construction was conducted to compare the 
measured tunneling-induced settlements with the calculated deformation of 
numerical modeling. According to geotechnical studies, the earth's materials are 
often lean clay with silt and silty sand. The input parameters to the model for the 
specifications of the equivalent soil layers and tunnel lining parameters are 
presented in Tables 10 and 11. A traffic and surcharge load is also equal to 20 kN

m2 
as a distributed load applied in the model. 

Table 10 
Engineering parameters of soil layers 

Layer depth 
(m) Soil 

𝜸𝜸𝒅𝒅 
(kN/m3) 

Moisture 
(%) 

Cohesion  
(kN/m2) 

Internal 
friction 

Elasticity 
modulus (kN/m2) υ Undrained 

shear strength 

0 ~ 16 CL-ML 15.5 20 35 25° 36000 0.35 100  kN/m2 

16 ~ 25 SM 19 27 1 35° 64000 0.33 - 
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Table 11 
Specifications of the concrete segment of the tunnel lining 

Description E (kN/m2) EA (kN/m) EI (kNm2/m) ν W (kN/m/m) 
Concrete cover (segment) 35000000 12250000 125000 0.15 8.4 

In this study, two-dimensional Plaxis software was used. Among the advantages of 
the mentioned software is the possibility of multi-stage construction and the use of 
various constitutive models [34]. The boundaries of the model in the horizontal 
direction from the center of the tunnel are considered to be five times the radius of 
the tunnel and in the vertical direction, two and a half times the radius of the tunnel. 
Deformation outside this range can be ignored. For the meshing of the model, the 
15-node element was used as the basic element type, and according to the 
concentration of stress around the tunnel, the mesh was refined in these areas. 
Considering that during the two phases of digging and tunnel construction, the soil 
around the tunnel is loaded and the hardening soil model differentiates between 
pristine loading and loading-reloading, this behavior model can be used for tunnel 
modeling [35, 36]. Staged construction analysis is done according to the existing 
stresses, maintenance of the tunnel face during drilling with a shield, installation of 
the final segment, injection of the space behind the lining, and contraction to the 
tunnel cover. The initial stage is to model the initial equilibrium, and after the model 
reaches the equilibrium, the settlement becomes zero. The settlement in the next 
stages is measured relative to the initial stage. In the second stage, the tunnel is 
modeled by the machine, and the tunnel is uncovered. At this stage, the drilling 
machine has endured some load and ∑𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀  can be considered to be about 0.5 
[35]. In the next step, the installation of the tunnel lining is modeled. The injection 
behind the segments can be modeled by applying a large load equivalent to the 
injection pressure (between 1.5 and 2 bar in the present study). The reduced volume 
is caused by the deformation of the tunnel lining, additional soil excavation (space 
behind the tunnel lining), and water drainage. In this study, the value of volume loss 
(VL) was determined based on the real data obtained from the surface settlement 
control (VL = 0.1 %) and applied in the numerical model. 

7.2  Results 

Calculation of the settlement with the numerical model shows that the maximum 
vertical settlement of the tunnel on the tunnel centerline and corresponding to the 
tunnel crest is equal to 9 mm and the settlement of the ground surface is 6 mm.  
The settlement curves of the ground are presented in Figure 8. 
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Figure 8 

Curves of vertical settlement of the soil mass 

The ground surface settlement curve above the tunnel axis is close to the average 
real measured deformations, next to the fitted Gaussian curve to the measured data, 
and the curve resulting from the numerical models, are presented in Figure 9.  
The broader curve from the numerical model is a little wider than the Gaussian 
curve, that is, in this case, the trough width or distance from the center line of the 
tunnel to the inflection point of the curve (i) is greater. Although the total width of 
the settlement profile is often considered to be approximately equal to 5i, in this 
study the total width of the settlement profile is about 6i for numerical studies and 
about 6.5i for the experimental equations and measured values. 

 
Figure 9 

Surface settlement curve obtained from measured values, results of the numerical model, and Gaussian 
distribution curve 
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Conclusions 

Among the many existing methods, through detailed comparison with the measured 
values, the most appropriate experimental and analytical relationships have been 
identified, for the prediction of the settlement parameters Smax, i, VL, etc. of the 
ground. The conclusions can be summarized as follows: 

• The average maximum surface settlement that usually occurs on the ground 
above the tunnel centerline is equal to 6 mm. 

• The average horizontal distance of the turning point of the settlement curve with 
the axis of the tunnel (parameter i) is estimated to be about 5.4 meters. 
Therefore, the settlements of the tunnel in the transverse direction become 
insignificant at a distance of 15 meters (equivalent to 3i) and the structures 
outside it can be assumed to be safe. 

• The average volume loss parameter (VL) has been calculated to be about 0.1% 
of the tunnel volume, which is less than the usual world experiences for soft 
ground. 

• The back analysis with the numerical model shows that the trough width of the 
settlement curve obtained from the numerical studies is about 1 meter (20%) 
larger than the experimental curve (Gaussian curve fitted to the real data). 

• By using the calibrated numerical model, it is possible to more accurately predict 
ground subsidence. 
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