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Abstract - With the increased development in downtown underground space facilities that vertically cross under a railway at 
a shallow depth, the demand for non-open cut method is increasing. However, most construction sites still adopt the pipe 
roof method, where medium and large diameter steel pipes are pressed in to form a roof, enabling excavation of the inside 
space. The super equilibrium method (SEM) has been developed to minimize ground disturbance and loosening load, and 
uses small diameter pipes of approximately 114 mm instead of conventional medium and large diameter pipes. This small 
diameter steel pipe is called an SEM pile. After SEM piles are pressed in and the grouting reinforcement is constructed, a 
crossing structure is pressed in by using a hydraulic jack without ground subsidence or heaving. The SEM pile, which plays 
the role of timbering, is a fore-poling pile of approximately 5 m length that prevents ground collapse and supports surface 
load during excavation of toe part. The loosening region should be adequately calculated to estimate the spacing and 
construction length of the piles and stiffness of members. In this paper, we conducted a comparative analysis of calculations 
of loosening load that occurs during the press-in of SEM pile to obtain an optimal design of SEM. We analyzed the influence 
of factors in main theoretical and empirical formulas applied for calculating loosening regions, and carried out FEM analysis 
to see an appropriate loosening load to the SEM pile. 
 
Index terms - Elasto-plastic analysis, Non-open cut tennel, SEM method, SEM pile, Fore poling, Loosening load 
  
I. CONSTRUCTION AND OUTLINE OF SEM 
 
The super equilibrium method (SEM) is a next-
generation underground crossing construction method 
that minimizes the upper displacement occurring 
during excavation on a shallow depth section of a 
downtown area; this enables the construction of an 
underground crossing structure by the non-open cut 
method. Currently, the pipe roof method is commonly 
used in most of such construction sites. In this 
technique, medium and large diameter steel pipes are 
pressed in to form a roof, which enables excavation 
of the inside space. In contrast, SEM uses small 
diameter pipes.  
The SEM piling work, which is the main focus of this 
paper, is a component of SEM. It is a major process 
that ensures maintenance of the equilibrium of ground 
stress before the pressing-in and installation of a 
crossing structure.  
As shown in Fig. 1, in SEM, the press-in of SEM piles 
and grouting reinforcement is conducted to maintain 
the equilibrium of ground stress, and the front loading 
plate improves stability during face excavation. In 
addition, a friction-reducing plate is installed in the 
underground crossing structure to reduce friction with 
the ground during the press-in process, thereby 
maximizing the stability of the ground and enabling 
underground crossing construction to be completed 
quickly.  
The SEM piling work can provide reinforcement for 
the front and upper ground when a shallow depth 
section is excavated. In this way, the excavation 
surface is protected from collapse and the ground 
loosening is minimized. When an SEM structure is 
pressed in, a fore-poling steel pipe of approximately 5 
m is used to make SEM pile stop the impact of the 
bottom part effectively according to the failure 

envelope. Multiple steel pipes with diameter of 
approximately 114 mm are pressed in and low 
pressure grouting is constructed to prevent ground 
disturbance.  

 
Fig. 1. Construction of SEM method and effect on 

excavation using SEM Pile 
 
II. CALCULATION OF LOOSENING LOADS 
FOR SEM PILING WORK 
 
SEM piles must prevent the sudden collapse of an 
edge in an approximately 1.2 m~1.6 m section when a 
structure and edge shoe are pressed in or excavated.  
A loosening region, which occurs during the SEM 
piling work, needs to be calculated to obtain the 
surface load of SEM. At this time, the area of the 
loosening region can be considered as the load applied 
to the structure.  In this paper, we provide a 
comparative study of calculation methods related to 
ground loosening load, including the existing 
empirical and theoretical formulas and FEM analysis. 
The subsidence of ground surface is the primary 
consideration when the non-open cut method is used 
to construct a structure. The simplest way of 
determining the subsidence of ground surface is either 
by predicting the subsidence on the basis of volume 
loss of a certain rate such as front or radius loss, or by 
using such a prediction as an inflection point (i) to 
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calculate the standard deviation of a normal 
probability distribution, as shown in Fig. 2. However, 
since the arrangement of SEM piles is a substitute for 
timbering, the installation of a front loading plate for 
controlling excavated soil and ground reinforcement 
for improving cohesion are performed simultaneously. 
Therefore, it is not suitable to consider volume loss as 
a main factor of the ground subsidence. Thus, we 
compared the calculations between FEM analysis and 
the theoretical formulas proposed for a timbering 
design. In addition, as shown in Table 1, we applied 
the properties of weathered soil, which were proposed 
based on domestic tunnel design cases and references, 
to both the theoretical formulas and numerical 
analysis. In our analysis, we assumed that the cover 
depth varied between 2.0 m and 3.5 m. 

 

 
Fig. 2. Settlement curve of cross section surface 

 

 
Table 1. Application of soil properties 

 
III. APPLICATION OF THEORETICAL 
FORMULAS AND FEM ANALYSIS FOR SEM 
PILE 
 
In this study, we calculate the loosening loads of 
ground that occur during the press-in of steel pipes for 
coming up with an optimal design of SEM pile. All 
theoretical formulas were applied by assuming SEM 
piling work as a tunnel excavation. Specifically, we 
used theoretical formulas of Kommerell, Engesser, 
Protodyakonov, and Terzaghi, since these have been 
applied to the design of timbering in a tunnel. We also 
conducted a two dimensional numerical analysis, 
FEM, to compare the calculations of loosening region 
and load. Although the purpose of SEM itself is the 
construction work for a shallow depth section, our 
purpose was to calculate loosening loads according to 
the press-in of SEM piles with a small diameter. 
Accordingly, in the case of a formula including the 
classification of depth, we considered a deep tunnel 
and not a shallow one. Besides, in the tunnel shapes of 
each theoretical formula, the loosening regions had 
been illustrated in various forms like NATM and 
BOX. However, we speculated that the concept of 

deep tunnel was not much affected by tunnel shape. 
Thus, the loosening regions were examined as a 
circular tunnel that corresponded to the shape of the 
SEM pile. The diameter of steel pipe used for SEM 
pile was designed to be approximately 114 mm. 
However, we had to consider excessive excavation 
owing to the use of extended drill bit and directional 
hammer drilling for the press-in process. Thus, SEM 
pile was assumed to have a diameter of 150 mm when 
using the theoretical formulas. 
 
3.1. Kommerell 
Kommerell (1912) examined the loosening loads from 
sandy to hard rock grounds to calculate the earth 
pressure of each type of ground (Park et al., 2003). As 
SEM considers even loosening ground, which is 
difficult to work, for non-open cut excavation on a 
shallow depth section, we applied a strain rate of 
1~3%, which corresponds to the loose particle 
assembly soil (Sand) in Table 2. As for the loosening 
region, the shape of Fig. 3(a) was applied in 
consideration of Kommerell's model of loosening 
ground. However, since the concept of deep tunnel 
was not much affected by the tunnel shape, we 
replaced Kommerell's original NATM shape by a 
circular shape of tunnel. The width tB is the diameter 
of tunnel, and the width B of loosening region is the 
distance between intersection points of the horizontal 
line passing the crown of tunnel and the tangential 
lines forming 45°+Ø/2 with the bottom of both sides. 
The area of the loosening region was calculated by 
approximating the area with an ellipse whose major 
axis was the width B of the loosening region and the 
minor axis was the loosening load height h. Here, h 
was determined by upper surface subsidence sv and in-
situ soil strain rate εs, as shown in formula (1) and 
Table 2.  
h = 100

ε
                               (1) 

The cross sectional subsidence of upper surface sv was 
calculated by applying the theory of Clough and 
Schmidt (1982). As shown in Fig. 1, after the distance 
i from the central point to the inflection point of 
settlement was obtained from formula (2), the result 
was substituted in formula (3) along with the 
excessive excavation VL. In this way, the cross 
sectional subsidence of upper surface S could be 
obtained according to cover depth. Consequently, the 
lesser the cover depth, the larger the subsidence. This 
turned out to be the primary reason why the loosening 
loads increased along with the decrease of cover 
depth. Here, z0 represents the distance from the tunnel 
bottom to the ground surface, and y is the longest 
distance of subsidence from the central part of 
excavation where the largest subsidence occurred, as 
shown in Fig. 1.  

i =
.

                           (2) 

S =
√ π 

 exp                          (3) 
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Table  2. In-situ Soil Strains 

 
The formula (4) shows the process of calculating the 
loosening loads P, which are applied to tunnels, 
according to cover depth. Table 3 presents the results 
that are the product of a unit weight of ground and 
loosening region.  
P = γS = γ π h = γ π

ε
= 25πBγ

ε
      (4) 

 

 
Table  3. Kommerell’s Loosening Loads According to the 

Depth of Cover 
 

 
Fig. 3. Kommerell’s model and graphs 

 
In comparison with other theoretical formulas, 
Kommerell's formula reflects many more parameters; 
it demonstrates that the loosening region increases 
along with the decrease of cover depth. This is directly 
related to another trend in which the upper surface 
subsidence increases along with the decrease of cover 
depth, which was shown when an upper ground 
subsidence was calculated by using the distance from 
the inflection point to obtain the surface subsidence sv 
of upper ground, a necessary factor for calculating the 
loosening load (Clough and Schmidt, 1982). 
 
3.2. Protodyakonov 
Protodyakonov assumed that the exterior of a 
parabolic ground arch generated from the excavation 
of circular tunnel is independent and the loosening 
region of the interior ground acts as a load. As shown 
in Fig. 4(a), only the loosening region was modeled, 
and the width B of the loosening region was 
calculated using formula (5). Here, b and m denote the 
width and height of the tunnel, respectively. The 

formula (6) and (7) represent the calculation of the 
horizontal and vertical components of force, 
respectively, of the ground arch generated from the 
excavation of circular tunnel. 
B = b + 2m tan (45° − ϕ/2)                (5) 
N = p tan− τh = T θ                          (6) 

V = p                                          (7) 
When the horizontal earth pressure has the maximum 
value, which is the derivative with respect to h after 
applying the moment balance equation about the point 
A, the loosening load height h can be calculated as in 
the formula (8) below.  
h =

θ
=                                             (8) 

Accordingly, the area and load of the loosening region 
can be defined by formula (9) and (10) respectively, 
and Table 4 presents the calculations. 
S = Bh =

θ
                             (9) 

P = γs =
θ
                            (10) 

 
Protodyakonov's loosening region was neither related 
to surface subsidence nor affected by cover depth. 
Since the loosening load height and loosening region 
were determined only by the size of tunnel, it turned 
out that the loosening load was calculated to be the 
same irrespective of cover depth unless there is a 
variation of inner friction angle. 

 
Fig. 4. Protodyakonov’ s model and graphs 

 

 
Table 4. Protodyakonov’s Loosening Loads According to the 

Depth of Cover 
3.3. Engesser 
Engesser's formula assumed that a three-hinged 
ground arch supports a part of vertical pressure but the 
remaining vertical pressure and self-weight of lower 
ground of the arch are not supported. The loosening 
load can be calculated using formula (11). The width 
B of the loosening region was defined as the distance 
between intersection points of the horizontal line 
passing the crown of tunnel and tangential lines 
forming 45°+Ø/2 with the bottom of both sides. The 
unit weight γ and inner friction angle Ø in the formula 
were taken to be 20 kN/m3 and 30° respectively, on 
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the basis of the above-mentioned properties of 
weathered soil.  

p = 2t γ ( ° / )

h  ( ° / )
+          (11) 

However, since the crushed region formed by blasting 
for SEM piling work was not considered, the blasted 
region in the model of Fig. 5(a) was excluded. It 
turned out that Engesser's loosening region and loads 
showed only a little variation according to cover depth 
even though they were affected by tunnel shape or 
size, unit weight of ground, and inner friction angle. 
The loosening load was 2.288 kN for a cover depth of 
3.5 m and 2.273 kN for 2.0 m. Therefore, 0.66% 
variation of loosening load corresponded to 1.5 m 
difference of cover depth.  The less the cover depth, 
the less the loosening load. However, the variation 
was so small that Engesser's theoretical formula 
turned out to reflect the effect of blasted region on the 
loosening load significantly. Thus, it seemed to be 
inadequate for examining the loosening load 
generated from the press-in process of SEM pile. 
 

Depth of Cover (m) Loosening Loads (kN) 
3.5 2.288 
3.0 2.285 
2.5 2.280 
2.0 2.273 

Table 5. Engesser’s Loosening Loads According to the Depth of 
Cover 

 
Fig. 5. Engesser’s model and graphs 

 
3.4. Terzaghi 
Terzaghi conducted a trapdoor experiment (Terzaghi, 
1936) to identify the stress transfer due to excavation 
and applied the silo theory to represent loosening 
loads acting on a tunnel. We selected the formula (12), 
which was applied to a great depth tunnel as shown in 
Fig. 6(a), from among Terzaghi's theoretical models in 
order to calculate loosening loads.  
In order to verify the application of the great depth 
tunnel, we calculated the loosening load height H1 
that corresponds to the sand and gravel in Terzaghi's 
classification, as shown in Table 6, which was a 
modified version of a study by Rose (1982). When an 
SEM pile was pressed in the lowest cover depth of 2.0 
m, H1 was below 0.4 m, i.e., H/5. Consequently, H〈 
H/5, the application scope of great depth tunnel, was 
satisfied.  The width B of the loosening region 
proposed by Terzaghi was defined as the distance 
between intersection points of the horizontal line 

passing the crown of the tunnel and the tangential 
lines forming 45°+Ø/2 with the bottom of both sides. 
In addition, the unit weight γ, the coefficient of lateral 
pressure k, and the inner friction angle Ø, shown in 
the formula below, were taken to be 20 kN/m3, 0.5, 
and 30°, respectively, on the basis of the above-
mentioned properties of weathered soil.  
p = γ

 
                                 (12) 

When the loosening region was considered by 
applying Terzaghi's great depth tunnel, the loosening 
load of every cover depth was calculated to be 9 
kN/m2. As is clear from the theoretical formula, the 
loosening load was minimally affected by the cover 
depth, but significantly affected by the unit weight of 
ground and width of loosening region according to 
tunnel size.  
 

 
Table 6. Terzaghi’s rock load classifications (Rose, 1982) 

 

 
Table 7. Terzaghi’s Loosening Loads According to the Depth 

of Cover 
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Fig. 6. Terzaghi’s model and graphs 

 
3.5. FEM analysis (2D)  
We performed a two dimensional analysis that 
modeled the shape of the SEM pile as a beam element. 
Instead of 114.3 mm, 150 mm diameter was applied to 
the press-in of steel pipe to account for the excessive 
excavation. The in-situ ground was modeled to be 3 
m×2.25 m, which was over 20 times the borehole 
diameter in the horizontal direction and over 18 times 
in the vertical direction, to minimize the effect of the 
constraints. The constraints, which are the ground 
conditions for a general stress analysis, are related to 
the x-directional displacement for left/right side of the 
model, y-directional displacement for front/rear axis, 
and x.y-directional displacement for lower ground 
surface. The Mohr-Coulomb model was used as the 
model of ground material, and MIDAS GTS NX was 
implemented as the analysis program.  
The properties of weathered soil in Table 1, which 
were applied to each theoretical formula, were also 
applied to the numerical analysis. The result of the 
analysis for a variation of cover depth between 2.0 m 
and 3.5 m is show in Fig. 7.  
In this paper, our purpose in examining the loosening 
region was to achieve optimal timbering design by 
considering the loosening loads of upper ground, 
which occurs during boring process for SEM piling 
work. For this reason, we did not consider the 
loosening loads that occur below the bottom of 
excavation surface. Besides, based on the calculation 
results of the theoretical formulas, it seemed 
appropriate to exclude the sections showing minute 
strains of less than 10-4 mm and to determine 0.026% 
displacement of the excavation area where the steel 
pipe diameter was 150 mm. Fig. 8(a) shows the scope 
of loosening region, which was set for comparison. 
 

 
Fig. 7. FEM analysis result 

Table 8 presents the results of cross-sectional analysis. 
The loosening load was calculated to be 7.48 kN for a 
cover depth of 2.0 m, while the loosening load of 
10.17 kN corresponded to 3.5 m. Unlike the 
theoretical formulas, the differences of loosening 
regions and loads were clear according to cover depth. 
Specifically, the loosening load increased drastically 
when the cover depth increased from 2.5 m to 3.0 m, 
as shown in Fig. 8(b). This may be because a lot of 
factors were considered by the numerical analysis and 
the input properties were reflected, thereby resulting 
in higher reliability of analysis as compared to the 
theoretical formulas. 
 

 
Table 8. FEM analysis Loosening Loads According to the 

Depth of Cover 
 

 
Fig. 8. FEM analysis model and graphs 

 
3.6. Review on the loosening regions and loads of 
SEM pile 
We examined three theoretical formulas including 
Kommerell's and conducted a two-dimensional cross-
sectional analysis (FEM analysis) to consider the 
upper ground loosening due to the press-in process of 
SEM pile. Table 9 lists the factors considered until 
now. Among the theoretical formulas, Kommerell's 
formula considered the largest number of factors, 
while Terzaghi's formula for great depth tunnels 
included the least number of factors. 
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Table 9. Impact factor 

 
Fig. 9 shows the models of each loosening region and 
the values of loosening load. Fig. 9(a) superimposes 
all the models for comparison, and Fig. 9(b) compares 
loosening loads numerically by calculating them 
according to cover depth. It is observed that the area 
of the model decreased in the order of FEM, Terzaghi, 
Engesser, Kommerell, and Protodykonov. The values 
of loosening load also corresponded to such an order, 
since the values of properties and factors were 
commonly applied to the theoretical formulas and 
FEM. 

 
Fig. 9. Each model and graphs 

 
In the case of Terzaghi and Protodyakonov, the 
calculation of loosening loads was not affected by 
cover depth. On the other hand, FEM analysis and 
Engesser's formula tended to increase the loosening 
load along with the increase in cover depth. As 
Engesser's formula showed only a minute increase of 
loosening load in comparison with FEM analysis, it 
clearly appeared to consider the effect of the blasted 
region significantly, and thus it turned out to be 
inappropriate for examining the loosening region due 
to the press-in of SEM pile.  
However, only Kommerell's formula showed an 
increase in loosening loads with decrease of cover 
depth. We speculated that this was because the 
calculation of surface subsidence by applying an 
inflection point directly affected the calculation of 
loosening load height. 
 As shown in Table 9, each theoretical model selects 
different parameters and applies different methods. 
This results in a difference in loosening regions and 
trends of graph. 
Terzaghi seemed to result in an excessive value of 
loosening load. However, this impression turned out 
to be false because Terzaghi's results were similar to 
those of FEM analysis that reflected many factors like 
soil properties. Consequently, the loosening load 
values of Terzaghi were reliable.  
In practice, Terzaghi's theoretical formula is applied to 
the design of tunnel timbering. However, Terzaghi's 
theoretical formula for great depth tunnel, which is a 
similar case to the press-in of SEM pile, considers a 

relatively small number of factors and produces little 
variation of loosening loads according to cover depth. 
Thus, it turns out that FEM analysis is more 
appropriate for detailed timbering design and 
calculation of loosening loads that occur during the 
press-in process of SEM piles. 
  
CONCLUSION 
 

1) Kommerell (1912) considered the strain rate, 
which varies according to ground condition, as 
a main factor. The width and height of tunnel 
were not included. In addition, the loosening 
load tended to increase with decrease of cover 
depth. This was because the calculation of 
surface subsidence by utilizing an inflection 
point was adopted as the method for 
calculating the loosening load. 

2)   Protodyakonov did not consider the width 
and height of tunnel as well. He assumed that 
the ground arch generated from tunnel 
excavation supported surface loads, the 
exterior of ground arch was independent, and 
the interior acted as a surface load.  

3)   Engesser considered the inner friction angle 
and unit weight of ground as main influential 
factors. He assumed that influential factors 
were not related to cover depth.  

4)  According to Terzaghi, loads acting during 
tunnel excavation are transferred to 
surrounding ground, and their impact is greater 
than earth pressure at a lateral part of tunnel, 
but is smaller at the crown of the tunnel. He 
picked the tunnel shape, load distribution 
according to soil, and inner friction angle as 
influential factors.  

5)   Terzaghi's formula reflected the largest scope 
of loosening region. There was no significant 
difference in scope among Kommerell, 
Protodyakonov, and Engesser. However, when 
the cover depth condition changed, the 
difference increased gradually. 

6)   An elasto-plastic analysis of SEM was 
conducted, and the result was compared with 
the loosening regions of the theoretical 
formulas. It turned out that this analysis 
produced a much larger loosening region and 
the variation of the region was also very large 
with change in cover depth.  

7)   As a further study, based on the results of 
theoretical formulas and the numerical 
analysis, we will install measuring sensors on 
areas that are expected to be much affected by 
loosening region. This will help in calculating 
the real range of the loosening region, which 
can be incorporated in the design of the SEM 
pile.  

8)   Models of loosening region showed 
considerable differences, and the same is true 
of the trends of the graph. As each theoretical 
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formula selects different parameters and 
application methods, it is impossible to 
identify the loosening region clearly by 
applying such major formulas. Experiments 
that consider soil condition and cover depth 
will help us understand such variety. 
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