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Trapdoor Stability of Drained Cohesive-Frictional Soils Using
Terzaghi’s Superposition Method
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Abstract

Most previous trapdoor stability studies were centered on undrained clay in two dimensions in the past few decades. Very
few works were reported for cohesive-frictional soils in two- and three-dimensions. This paper sets out to examine the
stability of trapdoors in c-@soils under both 2D planar and 3D circular (axisymmetric) conditions using a superposition method
that is similar to Terzaghi’s bearing capacity coefficients approach. Using lower bound and upper bound limit analysis with
finite elements, the proposed three coefficients (F, Fs, and F,) are determined with respect to a series of parametric changes
of depth ratios and soil internal friction angles. Novel design charts and tables are presented, and several examples are
provided to show how to use the three coefficients to evaluate soil stability under planar and circular trapdoors. The

numerical results presented in the paper should be of interest to the geotechnical engineering community.
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1. Introduction
The stability of underground openings has been a major focus
in the geotechnical engineering research community. It is
closely related to both the safety of existing infrastructures and
the effective execution of an underground project. The
problem of an opening trapdoor in active failure can represent
several geotechnical engineering examples such as the gravity
flow of granular material via hoppers,it the roof stability of
underground mining works,>? and the undrained sinkhole
stability problems.[*®l Several researchers have studied the
problem of active trapdoors using physical model testingl®1?
and numerical or analytical methods.[*3-2]

The use of three stability coefficients with the principle of
superposition for geotechnical stability analysis and design is
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not new, and it was applied to several tunneling problems in
drained conditions.?”??1 The process of analysis is similar to
Terzaghi’s bearing capacity problem, in which the footing
capacity of a strip footing consists of three components:
namely the cohesion, the surcharge, and the soil unit weight.

This approach has not yet been applied to the classical
active trapdoor problems. The active stability equation
adopted for determining the minimum support pressure (o;) of
underground tunneling is presented in Eq. (1).12"-%

o, = —cF; + o4F; + yDE, (1)
where c is the soil cohesion; F, is the cohesion coefficient; o
is the surcharge; F; is the surcharge coefficient; y is the unit
weight of soil; D is the tunnel diameter; F, is the soil unit
weight coefficient. Note that the negative sign for cohesion in
equation (1) is presented because of the active failure nature
where the cohesion strength acts against the surcharge and the
soil unit weight.

The “active” stability coefficient approach of Shiau and Al-
Asadil?"?81is the same as Terzaghi’s “passive” bearing capacity
approach, except for the presented negative sign in front of
cohesion, as stated in equation (1). The solution process
involves the determination of the three coefficients, namely
the stability coefficients for the cohesion (F.), the surcharge
(Fs), and the soil unit weight (F,). To obtain the cohesion
coefficient (F,), it is necessary to “artificially” impose zero o
and zero y in the computation. A similar process applies to the
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computation of F and F;,. The principle of superposition in Eq.
(1) is well recognized due to its effectiveness in the
determination of drained soil bearing capacity. Indeed, Eq. (1)
can be used to transform the problem to either undrained clay,
or dry sand, or even to study the effect of surcharge. In
comparison to the early work of drained analysis in
Anagnostou and Kovari,% this process has been successfully
adopted to solve several geotechnical stability problems by
Shiau and Al-Asadil?”28 using the very recent development of
advanced finite element.*:%2 Note that the theory of finite
element limit analysis (FELA) is quite different from that of
the displacement-based finite element method (FEM), even
though both methods are rooted in the concept of a discrete
formulation.*42 Sloanl®! stated that the stability analysis
using the FELA based on the limit analysis theory requires
only the conventional strength parameters such as soil
cohesion and friction angle. The deformation parameters such
as Poisson’s ratio and shear modulus are not required in the
limit analysis as it is a direct method for perfectly plastic
materials.

It is important to know that most studies on trapdoor
problems were linked to 2D planar trapdoors in cohesive soils
under undrained conditions. Very few studies were reported
for drained cohesive-frictional soils. To our best knowledge,
currently, no published paper can be found in relation to soil
stability coefficients for planar and circular trapdoors in
cohesive-frictional soils. In this practical paper, the stability
coefficient approach based on the tunneling work presented by
Shiau and Al-Asadil??l is revisited for a planar trapdoor and
circular trapdoor in an axisymmetric condition. The study
aims to develop brand new stability coefficients (F, Fy, and
F,) for accurate assessment of soil stability at collapse under
both plane strain and axisymmetric conditions. With the
advanced finite element limit analysis and adaptive meshing
technique, the produced stability coefficients are confidently
provided in tables and figures to assist practicing engineers to
evaluate soil stability at the preliminary design stage.

2. 2D Planar trapdoor

2.1 Problem statement and FELA modeling

The limit analysis is most advantageous when both upper
bound (UB) and lower bound (LB) solutions can bracket the
actual collapse load to within a few percentages. Sloani344
first developed finite elements and linear programming for
geotechnical stability analyses. They were extended by
Lyamin and Sloan®“1 and Krabbenhoft et al.*l using
nonlinear programming formulation. The underlying bound
theorems assume a rigid-perfectly plastic material and have
been effectively utilized to study a variety of drained and
undrained stability problems in geotechnical engineering. 862
Comprehensive documentation of the latest development of
the technique can be found in Sloan®V and OptumCE.F2 A
brief description of LB and UB FELA for plane strain
problems is given next. the LB analysis, the element in LB is
a linear three-node triangular element with nodal stresses
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including oy, o5, and 7,. These nodal stresses are the basic
unknown variables for the plane strain problem. To produce
the continuity of normal and shear stresses between all
elements, the statically admissible stress discontinuities are
carried out. Also, the stress equilibrium as well as the Mohr-
Coulomb (MC) yield criterion is carried out in LB analysis.
The pressure at trapdoors is set to be the objective function,
where the yield criterion and the stress equilibrium equations
are satisfied. Note that the expression of the MC model is
shown in Eq. (2).

\/(O‘x —0,)% + (05 — Ty )? — 2ccot ¢ —
(ox —0y)sing <0 2)

In UB analysis, the element in UB is a six-node triangular
element. Each node has two basic unknown velocities
including the horizontal (1) and vertical velocities (v). At the
interfaces of all the elements, velocity discontinuities are
kinematically admissible. To capture the MC model in the
form of two basic unknown velocities with the assumption of
the associated flow rule, Eq. (3) can be carried out as:

Av — |Au|tanp =0 3)

Note that Au and Av in the above equations are the
tangential and normal velocity jumps along the discontinuity.
Similar to that in LB analysis, trapdoor pressure is an objective
function of UB analysis. To find out more basic equations
about UB and LB, readers are referred to Sloantl and
OptumCE.*

Figure 1 presents the problem statement of a 2D planar
trapdoor. The idealized planar trapdoor has a cover depth (H)
and a width (B). The trapdoor is assumed to be very long so
that it can be represented by the plane strain condition. A
surcharge (o;) is applied vertically to the ground surface,
whilst a positive value of (o;) represents the normal
compressive pressure. The soil mass is represented by the
Mohr-Coulomb material with the assumption of the associated
flow rule. The material properties are the cohesion c, frictional
angle ¢, and bulk unit weight y. Also shown in the figure is a
potential slip surface of the 2D problem.

A typical FELA mesh and shear dissipation (indication of
failure mechanism) used for the planar trapdoor analysis is
shown in Fig. 2. The assumption for boundary conditions
follows the comment setting used in the FELA or FEM of
many geotechnical engineering problems.l8621  The
symmetrical half mesh is used with the following boundary
conditions: the far side boundary is fixed in the x-direction,
and the boundary at the bottom is fixed in both x- and y-
directions. For the symmetrical plane, the nodes on the left-
hand side boundary are allowed to translate in the y direction.
The size of the domain was carefully chosen so that the
developed velocity field are all well located within the domain.
The trapdoor and the bottom boundaries extending both sides
are assumed to be rigid, and the surface roughness of the
trapdoor is fully rough since we assumed that the underlying
soil is fully connected to the soil mass above the trapdoor.

An automatic mesh refinement technique was adopted to
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Fig. 1 Planar trapdoor - problem definition.
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Fig. 2 Planar trapdoor in symmetrical condition (half mesh) -
adaptive mesh, boundary condition, and shear dissipation.

construct UB and LB solutions of g,. The automated adaptive
mesh refinement approach is one of OptumCE’s sophisticated
features. Utilizing the adaptive mesh techniques, meshes will
automatically enlarge in sensitive zones with considerable
plastic shearing strain. All numerical simulations employ
5,000 to 10,000 elements as the initial and goal number of
elements, respectively with five adaptive iterations. This study
used 5,000 to 10,000 elements since the accuracy of the results
is based on the number of mesh elements and the phases
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technique. More elements may signify a more sensitive stress
zone, which leads to a more exact answer, but not more than
10,000 elements since they have little influence on the solution,
and it may take up unnecessary CPU time and computer
memory.

To obtain the comprehensive stability coefficients (F, F,
and F), it is needed to determine the critical support pressure
(o) with the respective input parameters in equation (1). Note
that the chosen range of soil friction angle ¢ is from 0° to 40°
and the depth ratio H/D is from 0.5 to 10. This would cover
most practical ranges in design practice. More details on how
to obtain the individual coefficients are discussed below.

2.2 The cohesion coefficient

To determine the cohesion coefficient (F.), it is needed to
obtain a solution for gy, while providing two “artificial” zero
parameters: namely o,= 0 and y = 0. In this way, equation (1)
is reduced to o, = —cF, , where F, = —o;/c.

A total of 902 FELAs were studied for F.. For the wide
range of parameters (¢ = 0°to 40° and H/B = 0.5 to 10), the
upper and lower bound results of g, were computed for F... The
resulting F. is shown in Fig. 3, where the figure shows that, as
@increases, the cohesion coefficient F. decreases for all values
of H/B. Note that a large cover-depth ratio of H/B leads to a
large F. value. Except for the line with H/B = 0.5 and 1.0, all
curves of F, are met at approximately ¢ = 31" and merge into
one line afterward. Extremely tight bounds are achieved in this
study, suggesting that the produced solutions are accurate.

2.3 The surcharge coefficient

In a similar way to the determination of F., the surcharge
coefficient (Fy) can be obtained using bothc=0andy = 0 in
the computations. Equation (1) reduces to o; = o,F; and the
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Fig. 3 Planar trapdoors - F.vs ¢ (LB and UB) for various depth ratios (H/B = 0.5-10).

surcharge coefficient becomes F; = o; /0. For the wide range
of parameters (¢= 0"to 40° and H/B = 0.5 t010), a total of 902
FELAs was performed to obtain the upper and lower bound o,
by using a constant surface pressure o,. The resulting
surcharge coefficients are shown in Fig. 4.

Numerical results in Fig. 4 show that Fy =1 for all H/B rat

1.0

ios of undrained clay (¢ = 0°). As ¢ increases, Fs decreases
dramatically owing to the soil arching effect. It is interesting
to see that F reduces to zero at ¢ = 40°, except for the shallow
case H/B = 0.5. Furthermore, numerical results have also
shown that a larger H/B value leads to smaller F§. In summary,
less surcharge effect is expected for deeper trapdoors.
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Fig. 4 Planar trapdoors - Fsvs ¢ (LB and UB) for various depth ratios (H/B = 0.5-10).
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2.4 The unit weight coefficient

In order to study the soil unit weight coefficient (F,), it is
necessary to put zero values of cohesion (¢) and surcharge (o)
in all computations. Equation (1) then reduces to g; = yBE,.
Also, note that the parameter “D” in equation (1) is equivalent
to “B” for a 2D planar trapdoor. A total of 902 FELA runs were
studied for o, The unit weight coefficients (£,) are then
calculated using F, = (o4/yB), with given constant values of y
and B in all computations.

Figure 5 presents the effect of ¢ on F), for a wide range of
H/B ratios. Numerical results have shown that F, is maximum
at ¢ = 0°, and it decreases dramatically with the increasing ¢
for all curves. Interestingly, the maximum F, value for each
depth ratio (H/B) coincides with the respective value of (H/B)
for all curves presented. Note that all curves merge into one at
¢=40° with an approximate minimum value of ¥, = 0.03. Also,
the F, value for H/B = 0.5 seems to have a concave relationship
with the increase in ¢. For H/B = 1, F, decreases linearly with
the increase in @. For H/B> 2, a convex relationship between
E, and ¢ is shown. The results in Fig. 5 also show that a
smaller H/B leads to a lower value of F,. The unit weight
effects become greater as the trapdoor depth increases.

10
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g Planar Trapdoor
Mhiua i H/B= 10
9
6 ;
6
Sy :
3
4 | 2
1
0.5
2 -
0
0 5 10 15 20 25 30 35 40
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Fig. 5 Planar trapdoors - F, vs ¢ (LB and UB) for various depth
ratios (H/B = 0.5-10).

Owing to the space limit, only the three lower bounds
coefficients are presented in Tables A1-A3 in Appendix for the
2D planar trapdoors.

2.5 Comparison with published results

Although there are very few published results that can be used
to compare with our stability coefficients, the produced upper
and lower limits do offer an in-built comparison and therefore
would increase user confidence. Nevertheless, comparing the
bound solutions with other accessible options would further
improve the credibility and feasibility in practice, in spite that
it is not mandatorily necessary due to the tight bounds
produced in the current study. Since only F. is available in the

© Engineered Science Publisher LLC 2023

literature, a comparison of F. with those published results is
made in Fig. 6. The comparison is for a planar trapdoor in
undrained conditions with ¢ = 0°. Numerical results have
shown that the analytical bounding solutions in Davis!® and
Gunn® have been considerably improved, whereas the linear
programming approach by Sloan et al.l*® agrees with the
current results by around 10%. Also, the recently reported
solutions by Shiau and Hassan!®! are remarkably close to those
in the current investigation. To our best knowledge, there are
no published solutions of Fyand F), that we can use to compare
the current results with.

10
] Present study (UB)
g " Present study (LB)
| & Shiau & Hassan (2020, UB)
8 v Shiau & Hassan (2020, LB)
»  Davis (1968, UB)
| < Davis (1968, LB) >
71 o Gunn (1980, UB)
1 e Gunn(1980,LB)
6 % Sloanetal (1990, UB) > 2
o 1 * Sloanetal. (1990, LB)
= 5
44
3 —
2 —
1 —
T T T T T
0 1 2 3 4 5

H/B

Fig. 6 Comparison of F,. with published literature (planar
trapdoors, undrained, ¢=0°).
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Fig. 7 3D circular trapdoor in 2D axisymmetric condition -
problem definition.
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3. 3D Circular Trapdoor in Axisymmetry

3.1 Problem statement and FELA modeling

The problem description of a circular trapdoor in axial
symmetry is shown in Fig. 7. The circular trapdoor is covered
with a depth (H) and has a diameter (D). The ground surface
has a vertical surcharge (oy), and the normal pressure on the
trapdoor is represented by (7). The circular trapdoor is in axial
symmetry, representing a true 3D circular trapdoor.

Figure 8 presents a typical axisymmetric mesh with a shear
dissipation plot of the FELA analysis. Same as in the planar
trapdoor, the soil mass consists of several triangular elements
and is simulated using the Mohr-Coulomb material. The
bottom boundary is fixed in both x- and y-directions (except
for the trapdoor length), while the left and the right boundary
allows movement in the y-direction only. The size of the model
domain is selected to be large enough so that the overall

velocity field would not interfere with the boundary conditions.

Other details are similar to those in Section 2.1. Using both the
UB and LB simulations, a complete set of stability coefficients
(F;, F;, and F,) is developed that can be used to evaluate
critical support pressures (o;) in drained conditions. The
following sections discuss the details involved in determining
individual coefficients.

Surcharge pressure (o)

Fig. 8 3D circular trapdoor in 2D axisymmetric condition -
adaptive mesh, boundary condition, and shear dissipation.

3.2 The cohesion coefficient
Using two “artificial” zero parameters, namely o,=0 and y =
0, atotal of 902 FELA simulations were carried out to compute
the upper and lower bounds of ¢, for the wide range of
parameters (¢ = 0°to 40° and H/D = 0.5 to 10). The cohesion
coefficients (F.) were then computed using g; = —cF,. The
complete set of F. results is presented in Fig. 9.

Numerical results in Fig. 9 have shown that as the internal

6| Eng. Sci., 2023, 22, 821

soil friction angle ¢ increases, the cohesion coefficient F.
decreases. This occurs for all values of H/D ratios. A larger
H/D ratio leads to a higher F. value. All curves combine into
a single one at ¢=27°, except for the line with H/D = 0.5. This
is mainly due to the stability response of a shallow case, where
soil arching is comparatively less than the other H/D ratios. It
is not surprising to see that the axisymmetric results of F. are
consistently greater than those from the planar trapdoor in Fig.
3 by 1.5 to 2 times. A less conservative design can always be
achieved by using the current axisymmetric coefficients.

3.3 The surcharge coefficient

Just like in the planar trapdoor, the surcharge stability
coefficient (Fy) is computed using both (¢ = 0) and (y = 0),
and equation (1) consequently reduces to o; = o4F;. With a
constant value of g5, 902 FELAs were performed in this study.
The obtained o; were then used to calculate surcharge stability
coefficients (F; = o, /0y).

Figure 10 shows the complete results of surcharge stability
coefficients (Fs). Numerical results have shown that the
surcharge stability coefficient F; decreases from unity (where
¢ = 0%) with an increase in ¢. A higher H/D value results in a
lower value of Fy. Numerical results have also shown that Fj
decreases to zero at different values of ¢ and H/D. The deeper
the H/D, the smaller the ¢ for zero value of F§ It is generally
understood that the greater the ¢, the larger the soil arching
effects. Also, the deeper the trapdoor, the less the surcharge
effects. In comparison with the planar trapdoor in Fig. 4, the
axisymmetric (AX) results produce smaller values of F and
therefore they are less conservative than those in the planar
trapdoor.

16

3 o
14 7 H/D= 10

Circular Trapdoor

|
AN \
12 A\ \

10 +

ORNWA GOSN

5

Upper Bound
Lower Bound

Fig. 9 3D Circular trapdoors in axisymmetric condition - F.vs ¢
(LB and UB) for various depth ratios (H/D = 0.5-10).

3.4 The unit weight coefficient

To determine the unit weight coefficient (£)), equation (1) is
simplified to o, =yDE, by using two “artificial” zero
parameters: namely ¢ = 0 and g, = 0. A total of 902 FELAs
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Fig. 10 3D Circular trapdoors in axisymmetric condition - Fsvs ¢ (LB and UB) for various depth ratios (H/D = 0.5-10).

were computed for g, with constant values of y and D. The unit
weight coefficients (F,) can be calculated using F, = (a/yD).
The complete results of F, are presented in Fig. 11. Numerical
results in Fig. 11 have shown that F, is maximum at ¢=0° and
it decreases as ¢ increases. Interestingly, the F, at ¢ = 0°
(undrained condition) for 3D circular trapdoors are equal to
those 2D planar ones in Fig. 5, i.e., F,= H/D at ¢ = 0°. The
larger the ¢ value, the smaller the F,. All curves combine into
one at approximately ¢ >30°, and a minimum value of
E, =0.016 is obtained at ¢ = 40°, indicating the minimum
supporting pressure for “dry” sand.

Owing to the space limit, only the three lower bounds

coefficients are presented in Tables A4-A6 in Appendix for the
3D circular trapdoors.

3.5 Comparison with published results

For the undrained circular trapdoor, Shiau et al.’! reported
rigorous three-dimensional solutions of UB and LB using
FELA, whilst Keawsawasvong and Shiau® presented non-
homogenous solutions using two-dimensional axisymmetric
FELA with UB and LB. The two published undrained results
are used for comparison purposes in this section. There are
currently no other drained results of F and F, that can be used
to compare with.

10
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Fig. 11 3D Circular trapdoors in axisymmetric condition - F, vs ¢ (LB and UB) for various depth ratios (H/D = 0.5-10).
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Figure 12 presents a comparison of F. values for 3D
circular trapdoors under undrained conditions with ¢ = 0°.
Overall, it is pleased to see that the results are in excellent
agreement. Although there are no existing £ and F, results to
compare with, the credibility and practicability of this study
have greatly been improved with the current comparison as
well as the produced tight bounds (UB and LB) in the present
study.

4. Examples and comparisons of 2D and 3D

Example 1: An underground cavity in greenfield condition (o
= 0) has a width B (or a diameter D) of 2 m. The cover depth
(H) is 2 m. The soil is assumed to have cohesion (¢ = 17 kPa).
The soil unit weight is 16 kN/m?, and the internal friction angle
of the soil ¢is 10°. Determine the required support pressure o;
to maintain the sinkhole stability using the produced
coefficients in the 2D planar trapdoor and 3D circular
trapdoors.

16 1
141

12

Present study (UB)

- Present study (LB)

Shiau et al. (2021b, UB)

Shiau et al. (2021b, LB)
Keawsawasvong and Shiau (2021, UB)
Keawsawasvong and Shiau (2021, LB)

®eOo P> !

o 1 2 3 4 5 6 7 8 9 10
H/D

Fig. 12 Comparison of F. with published literature (3D circular

trapdoors, undrained, ¢=0°)

2D planar trapdoor

For H/B =1and ¢=10°, Tables A1, A2 and A3 provide values
of lower bound F. = 1.951, Fs = 0.655, and F, = 0.824. Since
no surcharge loading (s = 0), equation (1) reduces to g; =
—cF, + yBE,. Substituting ¢, y, B, F¢, and F, into the equation,
ot is computed as —6.80 kPa. Note that the negative value ot
represents that a tensile pressure is needed to bring the system
to fail. In other words, the trapdoor is theoretically stable on
its own when ot = 0 (without the pulling pressure). The actual
computer analysis using the parameters gives a value of —6.82
kPa.

3D circular trapdoor

For H/D = 1 and ¢ = 10°, Tables A4, A5, and A6 provide
values of lower bounds F¢ = 3.223, Fs = 0.429, and F, = 0.688.
Substituting ¢, y, B, F¢, and F, into the equation 6, = —cF, +

8| Eng. Sci., 2023, 22, 821

YDE,, ot is computed as a negative value of -32.78 kPa. Same
as in the 2D planar trapdoor, the trapdoor is stable on its own
when o; = 0 (without the pulling pressure). Compared to the
2D planar trapdoor (ot = —6.80 kPa), a less conservative design
can be achieved by using the 3D circular trapdoor result (ot =
—32.78 kPa). For comparison, the actual computer analysis
gives a value of —33.2 kPa, which has provided a good level
of confidence in using the table solution.

Example 2: Same as in Example 1, except that now o5 = 100
kPa, determine the minimum pressure ot to maintain the
sinkhole stability using the produced stability coefficients in
the 2D planar trapdoor and 3D circular trapdoors.

2D planar trapdoor

ForH/B=1and ¢=10°, Tables Al, A2, and A3 provide values
of lower bounds F. = 1.951, Fs = 0.655, and F, = 0.824.
Substituting all the parameters into equation (1), ot is 58.70
kPa. The positive value of o; simply means that a support
pressure is needed so that the trapdoor would not fail. In other
words, the trapdoor is unstable on its own without the support
pressure (i.e. when g = 0). The actual computer analysis using
the parameters gives a value of 58.68 kPa.

3D circular trapdoor

ForH/B=1and ¢=10°, Tables A4, A5 and A6 provide values
of lower bounds F. = 3.223, Fs = 0.429, and F, = 0.688.
Substituting all the parameters into equation (1), ot is
calculated as 10.13 kPa. Again, the positive value of ot
represents a need for support pressure in order to prevent
trapdoor failure. Compared to the 2D planar trapdoor (ot =
58.70 kPa), much less support pressure (or = 10.13 kPa) is
predicted using the 3D circular trapdoor analysis. Therefore, it
can be concluded that less conservative design can always be
achieved by using sophisticated 3D analysis. For comparison
purposes, the actual computer analysis gives a value of 9.74
kPa, indicating that the solution is both efficient and effective,
and can be used by practical engineers with great confidence.

5. Conclusions

Using the superposition method of Terzaghi’s bearing capacity
coefficients, this paper has successfully produced three
rigorous stability coefficients (F;, F;, and F,) that can be used
to determine the drained stability of 2D planar trapdoors and
3D circular trapdoors in axisymmetry. The current study
contributes in several ways to our understanding of using
stability coefficients to determine limit loads. The following
conclusions are drawn based on the current study.

1. The three stability coefficients (F;, F;, and F,) are functions
of soil internal friction angle (¢#) and cover-depth ratio (H/B or
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H/D). The critical support pressure (o, = —cF, + o,F; +
YDE,) can be conveniently determined in a similar way as in
Terzaghi’s classic bearing capacity problem using the
principle of superposition. It can be used in either drained or
undrained conditions, as well as to study the effect of
surcharge.

2. The illustrated example has proven that the stability
coefficient approach is both convenient and accurate in the
calculation of critical pressures. Numerical results have shown
that the axisymmetric 3D circular trapdoor results would yield
a less conservative design, in comparison with the
conservative 2D planar trapdoor idealization.

3. The current solutions are limited to the cases of planar and
circular trapdoors in homogeneous soils, which cannot be used
in the cases of rectangular trapdoors and trapdoors in layered
soils. It is recommended that future work direction can be
pointed to non-homogenous effects on the three stability
coefficients. The classical passive trapdoor problems can also
be investigated using the proposed three stability coefficients.
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