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ARTICLE INFO ABSTRACT

Keywords: A recent study on active trapdoor stability has been completed by the authors using Terzaghi’s three stability
Water mains factors approach. It was concluded that the superposition approach is an effective way to evaluate the stability
Bl°"‘{°}“ of cohesive-frictional soils. This technical note aims to extend the previous active trapdoor study to perform a
itrzl;ﬁgzr stability assessment of a passive planar trapdoor (i.e., a blowout condition) in cohesive-frictional soil. Note that

this passive trapdoor problem represents the blowout stability of soils due to defective pipelines under high water
main pressures, in spite of the frequent media news about the water main bursts which enlightens the relevance
of the problem. Numerical solutions of upper and lower bound finite element limit analyses are presented in
form of the three stability factors (F, F,, and F,), which consider the effect of cohesion, surcharge, and soil unit
weight respectively. In the event of passive trapdoor stability, this technique can be used to determine a critical
blowout pressure due to a water mains leak. The study continues with a series of sensitivity analyses with a
widely selected range of parameters including the cover-depth ratio (H/B) and the drained frictional angle (¢).
The influence of these parameters on the three stability factors is discussed, and a practical example of adapting
these approaches is also introduced. All numerical results are provided in the forms of design charts and tables
that can be efficiently used with confidence in design practice.

Limit analysis

1. Introduction

Population increases and the growth in urban regions demand an ef-
fective utilization of infrastructures in the modern world. To meet the
demands, the construction of public utilities have grown significantly,
particularly in underground water pipeline systems. From a geotech-
nical stability point of view, underground water mains blowout can be
represented by the classical trapdoor problem with an uplift mechanism
where the internal water pressure is greater than the soil shear resistance
as well as the soil self-weight. A significant number of research on the
stability of trapdoors have been published since the pioneering work of
Terzaghi (1936), who classified soil collapse as either active failure due
to the action of soil self-weight and surface surcharge or passive failure
occurring as a result of an elevating force against the direction of soil
movement due to gravity.

In its theoretical form, the blowout stability is like a ground an-
chor subjected to uplift force resulting in a passive failure mecha-
nism. Meyerhof and Adams (1968), Kupferman (1965), Vesic (1971),
Meyerhof (1973), Das (1978, 1980), and Das et al. (1994) are among
the researchers who investigated the uplift capability of embedded an-
chors in soils through experiment testing. For the passive trapdoor,
Vardoulakis et al. (1981) conducted a series of physical tests in cohesion-
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less sands, establishing analytical solutions for both passive and active
trapdoors. The passive scenario was represented by a wedge extend-
ing outwards from a certain trapdoor to the ground free surface, but
the active wedge at the ultimate limit state was regarded as a vertical
mechanism as suggested by Terzaghi (1946).

Regarding works of numerical simulations, Koutsabeloulis and Grif-
fiths (1989) conducted a series of Finite Element (FE) studies for active
and passive trapdoors in soils. Smith (1998) demonstrated a computa-
tional approach for solving trapdoor load ratios in cohesionless soils em-
ploying the Discontinuity Layout Optimization (DLO) algorithm as well
as an Upper Bound (UB) limit analysis. Moreover, by employing a set of
dimensionless charts with upper bound analysis. Martin (2009) further
investigated the failure mechanism and collapse load of the undrained
active and passive trapdoor through upper bound and lower bound ap-
proaches by utilizing the novel slip line method to determine the actual
collapse load. Wang et al. (2017) explored the soil arching procedures
for planar trapdoors in cohesive-frictional soils under both active and
passive situations. Recently, Shiau et al. (2021a, 2021b, 2022) studied
the pipeline burst-related ground stability under collapse and blowout
conditions in undrained soils. Noting that the consideration was given
to no surcharge loading, the sophisticated load ratio normalization has
restricted its practical uses.
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The three stability factors and the principle of the superposition ap-
proach are well known and they have been often used in the determi-
nation of the bearing capacity of shallow foundations (Terzaghi, 1943).
They have lately been adapted to a range of tunnel stability in drained
conditions (Shiau and Al-Asadi, 2020a; 2020b; 2021). The analyti-
cal procedure is comparable to Terzaghi’s bearing capacity problem,
wherein the strip footing’s footing capacity is made up of three terms
including cohesiveness, surcharge, and soil unit weight. The stability
equation is shown in Eq. (1).

cF. +o,F +yDF, 1)

Oy

As shown in Eq. (1), the three stability factors, namely the cohesion
factor F,, the surcharge factor Fg, and the unit weight factor F,, were
initially applied to evaluate the minimum tunnel support pressure (o)
in underground tunnel studies (Shiau and Al-Asadi, 2020a; Shiau et al.,
2023), where c represents the cohesion, o4 represents the surcharge, y
represents the soil unit weight and D represents the tunnel’s diameter.
The negative sign in the first term indicates that the cohesion strength
acts against the directions of soil surcharge and self-weight in their tun-
nel stability problem. It is to be noted that a direct change of Eq. (1)
would result in a new equation that can be used to evaluate the passive
failure (i.e., blowout scenario) by using a positive ¢ F,, as shown in Eq.

(2).

o, = cF, +o.F, +yDF, @)

In this paper, we employed Eq. (2) to study the drained stability
of passive planar trapdoor in cohesive-frictional soil by using the three
stability factors approach F. F; and F,. The study aims to expand the
stability solution for a reliable and accurate assessment of soil stabil-
ity in a blowout event. This passive trapdoor problem represents the
blowout stability of soils due to defective pipelines under high water
main pressures. The new upper and lower bound solutions are computed
through finite element limit analysis, which is one of the advanced meth-
ods nowadays for solving complex geotechnical stability problems. Nu-
merical solutions of the three stability factors are then presented using
design charts and tables for practical uses.

2. Problem statement and numerical modeling

Fig. 1 shows the problem definition of a planar passive trapdoor in
cohesive-frictional soil subjected to an uplift trapdoor pressure. For the
planar trapdoor, a plain strain condition is assumed, in that the length
of the trapdoor (perpendicular to the plane) is infinite. The geometry is
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considered as a trapdoor width of B, and a depth of H from the ground
surface, which is subjected to a vertical surcharge loading o . The up-
lift uniform pressure o, is applied onto the trapdoor surface, i.e., acting
against the surcharge loading. The soil mass is assumed to obey the
Mohr-Coulomb (MC) yield criteria with the following three soil param-
eters, including a drained cohesion c, drained friction angle ¢, and soil
unit weight y.

To determine the internal trapdoor pressure o, of the passive trap-
door problem in cohesive-frictional soil at the blowout scenario, it is
proposed that Eq. (2) be used. Noting that Eq. (2) is a function of two
dimensionless design parameters namely the drained friction angle ¢
and the soil cover depth ratio H/B, the three stability factors F, F, and
F, are functions of ¢ and H/B as shown in Eq. (3).

H

5)

One of the popular methods nowadays for solving geotechnical
stability problems is Finite Element Limit Analysis (FELA) with Up-
per Bound (UB) and Lower Bound (LB) techniques. Sloan (2013) de-
veloped FELA to determine the soil stability of several geotechnical
structures. He also reported on the early efforts of FELA that used
linear programming (Sloan, 1988; 1989). The latest significant de-
velopments were based on Lyamin and Sloan (2002a, 2002b) and
Krabbenhoft et al. (2007) with a nonlinear programming approach. In
LB analysis, a linear three-node triangular element with nodal stresses
including o,, o), and r,, is employed as the basic unknown variables
for the plane strain problem. The element must fulfill statically admis-
sible stress discontinuities to ensure the continuity of normal and shear
stresses between all elements. Furthermore, stress equilibrium and the
MC yield criterion are also considered in LB analysis. The objective func-
tion is set as the passive pressure at trapdoors, and the yield criterion
and stress equilibrium equations must be satisfied. Regarding UB FELA,
the basic element used is a six-node triangular element in which each
node possesses two fundamental unknown velocities - horizontal (1) and
vertical velocities (v). Kinematically admissible velocity discontinuities
are allowed at all element interfaces. To incorporate the MC model into
the two fundamental unknown velocities, the associated flow rule is
assumed. It is worth noting that these two fundamental unknown ve-
locities represent tangential and normal velocity jumps along the dis-
continuity. Similar to LB analysis, the passive trapdoor pressure is the
objective function of UB analysis.

In the geotechnical engineering field, these FELA techniques
have been successfully applied to a wide range of drained and
undrained stability problems (Keawsawasvong and Shiau, 2022;

F. F,F, = f(d), 3)
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Fig. 1. Problem statement of a passive planar trapdoor in cohesive-frictional soil.
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Keawsawasvong et al, 2021, 2022a,b; Keawsawasvong and
Ukritchon, 2017, 2019a,b; Yodsomjai et al., 2021a,b). OptumG2
is a finite element limit analysis software that is based on the most
up-to-date numerical technique (Sloan, 2013). It is employed in this
study to compute the lower and upper bound limit loads of the passive
trapdoor problem. In OptumG2, the upper bound elements contain
three nodes providing a linear interpolation of unknown velocities
whilst the lower bound element contains three nodes and a linear
interpolation of unknown stresses, with stress discontinuities permitted
at overlapping vertices of surrounding triangles. The solid materials
following the rigid-perfectly plastic Mohr-coulomb material with an
accompanying flow rule were used to simulate the drained soil. More
details of the method can be found in Sloan (2013) and will not be
repeated here.

In the FELA analysis, all numerical models are subjected to standard
boundary conditions. As shown in Fig. 2, the bottom boundary was fixed
in both x- and y-directions except for the trapdoor door which is a free
surface, while the left and right boundaries were fixed in the x-direction,
but free to move in the y-direction. The typical assumption for boundary
conditions follows the comment setting used in the FELA or FEM of many
geotechnical engineering problems. Note that both sides of the trapdoor
and the bottom boundaries are rigid. Additionally, the assumption of the
surface roughness of the trapdoor is fully rough because the underlying
soil is set to be fully connected to the soil mass above the trapdoor.
The model domain size was chosen to be big enough to ensure that the
overall soil movements are well located within the chosen domain.

In all upper and lower bound analyses, both the adaptive mesh re-
finement and load multiplier approach were employed to reduce the
bounding differences between the upper and lower bound solutions
(Sloan, 2013). This adaptive mesh refinement technique is a sophis-
ticated feature of OptumCE that adopts an automated adaptive mesh
refinement approach (Ciria et al., 2008). The mesh is automatically ex-
panded in sensitive zones with significant plastic shearing strain using
adaptive mesh techniques. All numerical simulations start with an ini-
tial number of 5,000 to 10,000 elements and aim to achieve a goal of
10,000 elements after five adaptive iterations. In this study, 5,000 to
10,000 elements were used, as the accuracy of the results depends on
the number of mesh elements. Employing more elements may indicate
a more sensitive stress zone, leading to a more precise solution, but it is

Surcharge pressure (o)

Blowout - upward
soil movements

symmetrical
line for a
blowout
half mesh

Fix (x,y)

10 '

Fig. 2. A typical model with boundary condition, adaptive mesh and potential
failure mechanism (symmetrical half mesh).
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not necessary to use more than 10,000 elements as it may consume addi-
tional CPU time and computer memory with little effect on the solution.
Note that, by using this setting of the adaptive mesh refinement, the LB
and UB solutions are extremely close meaning that the true solutions
can be obtained.

In this study, we aim to produce upper and lower bound stability
factors (F,, F;, and Fy) that can be used to determine critical blowout
pressures and their associated passive failure modes in drained soils.
These three stability factors are studied for a broad range of parameters
as follows: (1) the cover depth ratios H/B = 0.5-10; and (2) the soil
drained friction angle ¢ = 0-40°, and their results are discussed below.

3. Discussing the results

Numerical results of the three stability factors (F, F; and F,) are
reported throughout the paper according to the principles of superposi-
tion using Eq. (2). To determine F,, both y = 0 and o, = 0 are assigned in
all computations. F, can then be calculated using the equation o, = cF,.
To compute F,, both y = 0 and ¢ = 0 are used in the analysis. F; is then
calculated using the equation ¢, = o, F,. To determine F,, both ¢ = 0
and o = 0 are the required input in the analysis. F, is then calculated
using the equation o, = y BF,. With the produced three stability factors,
Eq. (2) can be used to calculate the blowout pressure for the passive
trapdoor. This is not unfamiliar from Terzaghi’s three bearing capacity
factors and the approach of superposition.

Figs. 3-5 and Tables 1-6 show the complete upper and lower bound
blowout solutions of the passive planar trapdoor in cohesive-frictional
soil. In the figures, the dashed and solid lines represent the UB and LB
FELA solutions, respectively. Consequently, the effect of H/D and ¢ on
the three stability factors is investigated in detail. It is to be noted that
the current solutions of UB and LB can bracket the “true” solution to
within 1%, which has greatly enhanced the confidence in this study. It
may also be prudent to conclude that all other solutions in the future
produced using different methods must compare their solutions with the
solutions in this paper.

For the cohesion factor F, in Fig. 3, the concave relationship between
¢ and F, is shown for the deep trapdoor (H/B > 2). Note that the gradient
of the curve is largely affected by the depth of the trapdoor. The greater
the H/B, the larger the F,. This is mostly due to the development of soil
arching in the deeper trapdoor. Nevertheless, for the shallow trapdoor
(H/B < 2), ¢ has little to none effect on F,. Fig. 4 shows the relationship
between ¢ and F; for the various values of H/B. The F; values increase

25

o Upper Bound Blowout factor F.
Lower Bound
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Fig. 3. F, vs ¢ (LB and UB) for various depth ratios (H/B = 0.5-10).
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Fig. 5. F,vs ¢ (LB and UB) for various depth ratios (H/B = 0.5-10).

nonlinearly with ¢. Again, a greater depth ratio H/D leads to a greater
value of F;, owning to a stronger soil arch developed in a deeper trap-
door. For the frictionless soil (¢ = 0°), the surcharge factor Fj is zero for
all values of H/D. Finally, the effect of ¢ on the soil unit weight factor F,
is shown in Fig. 5. For all the analyzed cases, Fig. 5 shows an “approx-
imately” linearly increasing correlation between F, and ¢. A minimum

Table 1
F, vs ¢ (LB) for various depth ratios (H/B = 0.5-10).
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Fig. 6. Comparison of F, between the present study and previous study (¢ =
0°).

F, value of 1 is obtained for all depths of frictionless soil (¢ = 0°). A
greater depth ratio H/D leads to a greater value of F,.

4. Example

For a blowout stability evaluation, an underground cavity is subject
to a surcharge pressure of 100 kPa (o; =100 kPa). The cavity has a
width (B) of 2 m and a cover depth (H) of 2 m. The soil is found to have
a cohesion (¢ = 17 kPa) and internal friction angle ¢ of 10° with the
soil unit weight of 16 kN/m3. Determine the blowout pressure using the
three stability factors provided in Tables 1-6.

Solution: For H/B = 1 and ¢ = 10°, Tables 1, 3 and 5 provide values
of lower bounds F, = 1.953, F; = 1.344 and F, = 1.178. Substituting all
the parameters into Eq. (2), o, is calculated as 205.29 kPa ~ i.e., the
value of critical blowout pressure. The actual computer analysis using
the parameters gives a value of 205.23 kPa, which is very close to the
table solution. This example has reinforced the confidence in using the
rigorous factors provided in Tables 1-6.

5. Comparison with published results

Even though there are only a few published results available for com-
parison with our stability coefficients, a comparison between the present
study and previous solutions can improve the confidence in using the
produced results. In Fig. 6, the results of F. are compared with the re-

H/B (F,, LB)

¢ 0.5 1 2 3 4 5 6 7 8 9 10

0 0.977 1.939 3.652 4.701 5.435 5.996 6.444 6.822 7.149 7.435 7.686
1 0.977 1.943 3.695 4.800 5.588 6.193 6.681 7.094 7.466 7.768 8.062
2 0.977 1.949 3.730 4.895 5.736 6.394 6.922 7.385 7.790 8.127 8.452
3 0.977 1.954 3.765 4.989 5.884 6.594 7.162 7.676 8.113 8.486 8.842
4 0.977 1.953 3.793 5.079 6.032 6.790 7.425 7.962 8.438 8.866 9.252
5 0.976 1.953 3.819 5.164 6.173 6.980 7.664 8.249 8.773 9.240 9.661
6 0.977 1.954 3.841 5.243 6.308 7.174 7.905 8.539 9.102 9.613 10.076

(continued on next page)
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Table 1 (continued)

® H/B (F,, LB)
0.5 1 2 3 4 5 6 7 8 9 10
7 0.977 1.953 3.863 5.319 6.445 7.362 8.133 8.827 9.424 9.986 10.490
8 0.977 1.953 3.887 5.391 6.572 7.544 8.367 9.117 9.776 10.364 10.919
9 0.977 1.953 3.875 5.462 6.696 7.728 8.624 9.398 10.108 10.752 11.336
10 0.976 1.953 3.898 5.524 6.778 7.900 8.854 9.680 10.441 11.098 11.770
11 0.976 1.952 3.908 5.579 6.927 8.068 9.063 9.953 10.768 11.498 12.199
12 0.976 1.952 3.910 5.633 7.034 8.225 9.278 10.223 11.086 11.878 12.612
13 0.976 1.952 3.906 5.677 7.133 8.383 9.491 10.486 11.384 12.251 13.041
14 0.976 1.952 3.904 5.717 7.227 8.529 9.698 10.747 11.715 12.604 13.452
15 0.976 1.952 3.905 5.753 7.315 8.674 9.895 10.999 12.020 12.960 13.860
16 0.976 1.952 3.904 5.786 7.393 8.807 10.078 11.237 12.320 13.326 14.266
17 0.976 1.952 3.903 5.806 7.467 8.934 10.264 11.478 12.611 13.665 14.657
18 0.976 1.952 3.903 5.823 7.535 9.044 10.425 11.698 12.879 13.991 15.053
19 0.976 1.952 3.903 5.860 7.591 9.158 10.583 11.907 13.156 14.320 15.424
20 0.976 1.951 3.903 5.868 7.640 9.257 10.738 12.116 13.405 14.616 15.779
21 0.976 1.951 3.899 5.850 7.686 9.348 10.882 12.309 13.646 14.918 16.133
22 0.976 1.950 3.902 5.852 7.721 9.423 11.001 12.486 13.864 15.201 16.465
23 0.975 1.950 3.900 5.852 7.755 9.500 11.123 12.651 14.083 15.466 16.765
24 0.975 1.950 3.899 5.852 7.769 9.558 11.234 12.810 14.301 15.719 17.102
25 0.974 1.950 3.898 5.850 7.774 9.614 11.323 12.940 14.487 15.974 17.401
26 0.974 1.949 3.899 5.849 7.788 9.653 11.407 13.069 14.651 16.190 17.654
27 0.974 1.949 3.897 5.847 7.798 9.687 11.472 13.185 14.827 16.396 17.907
28 0.974 1.949 3.898 5.848 7.795 9.713 11.542 13.285 14.967 16.584 18.138
29 0.974 1.948 3.896 5.844 7.793 9.715 11.593 13.379 15.102 16.754 18.382
30 0.974 1.948 3.895 5.846 7.790 9.730 11.629 13.444 15.207 16.892 18.563
31 0.974 1.948 3.864 5.846 7.779 9.739 11.647 13.506 15.311 17.048 18.744
32 0.974 1.947 3.893 5.843 7.790 9.738 11.667 13.551 15.378 17.156 18.907
33 0.973 1.947 3.891 5.841 7.790 9.735 11.673 13.577 15.449 17.261 19.074
34 0.973 1.947 3.890 5.840 7.783 9.734 11.675 13.593 15.491 17.341 19.174
35 0.973 1.947 3.889 5.839 7.782 9.730 11.675 13.595 15.523 17.405 19.255
36 0.973 1.945 3.888 5.838 7.781 9.728 11.679 13.591 15.538 17.451 19.315
37 0.972 1.945 3.885 5.836 7.777 9.722 11.662 13.591 15.548 17.467 19.366
38 0.972 1.944 3.884 5.825 7.774 9.710 11.661 13.589 15.548 17.468 19.391
39 0.972 1.943 3.884 5.824 7.772 9.716 11.660 13.588 15.550 17.480 19.409
40 0.972 1.943 3.882 5.823 7.770 9.717 11.659 13.587 15.553 17.455 19.414
Table 2

F. vs ¢ (UB) for various depth ratios (H/B = 0.5-10).

H/B (F,, UB)
¢ 0.5 1 2 3 4 5 6 7 8 9 10

0 0.979 1.959 3.667 4721 5.459 6.023 6.479 6.859 7.187 7.472 7.726
1 0.979 1.959 3.707 4.821 5.613 6.225 6.723 7.143 7.505 7.824 8.108
2 0.979 1.959 3.743 4.917 5.764 6.426 6.969 7.431 7.831 8.186 8.504
3 0.979 1.959 3.778 5.012 5.914 6.626 7.214 7.718 8.157 8.547 8.900
4 0.979 1.959 3.808 5.101 6.059 6.823 7.460 8.008 8.489 8.918 9.307
5 0.979 1.959 3.835 5.187 6.202 7.019 7.706 8.299 8.824 9.294 9.722
6 0.979 1.959 3.858 5.268 6.340 7.211 7.950 8.591 9.160 9.674 10.141
7 0.979 1.959 3.877 5.345 6.475 7.401 8.189 8.881 9.497 10.056 10.565
8 0.979 1.959 3.892 5.417 6.604 7.586 8.428 9.169 9.835 10.438 10.993
9 0.979 1.958 3.904 5.484 6.729 7.766 8.662 9.460 10.171 10.822 11.423
10 0.979 1.958 3.912 5.547 6.847 7.941 8.893 9.738 10.503 11.204 11.851
11 0.979 1.958 3.915 5.604 6.960 8.111 9.116 10.016 10.835 11.584 12.281
12 0.979 1.958 3.916 5.655 7.068 8.275 9.336 10.289 11.160 11.963 12.709
13 0.979 1.958 3.916 5.708 7.169 8.431 9.547 10.557 11.480 12.336 13.135
14 0.979 1.958 3.916 5.742 7.264 8.580 9.753 10.816 11.796 12.703 13.554
15 0.979 1.958 3.915 5.777 7.351 8.722 9.949 11.069 12103 13.063 13.968
16 0.979 1.957 3.915 5.807 7.431 8.856 10.139 11.314 12.400 13.416 14.375
17 0.979 1.957 3.915 5.832 7.504 8.983 10.319 11.547 12.689 13.762 14.773
18 0.979 1.957 3.915 5.849 7.569 9.100 10.489 11.772 12.969 14.097 15.162
19 0.979 1.957 3.914 5.862 7.629 9.208 10.652 11.987 13.238 14.419 15.541
20 0.978 1.957 3.914 5.869 7.679 9.307 10.803 12.190 13.493 14.726 15.907
21 0.978 1.957 3.914 5.870 7.723 9.398 10.942 12.382 13.741 15.027 16.256
22 0.978 1.957 3.913 5.870 7.758 9.476 11.070 12.563 13.970 15.311 16.597
23 0.978 1.956 3.913 5.869 7.786 9.549 11.190 12.730 14.189 15.581 16.919

(continued on next page)
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Table 2 (continued)

é H/B (F,, UB)
0.5 1 2 3 4 5 6 7 8 9 10
24 0.978 1.956 3.912 5.869 7.806 9.611 11.297 12.884 14.395 15.838 17.224
25 0.978 1.956 3.912 5.868 7.818 9.663 11.392 13.024 14.584 16.076 17.517
26 0.978 1.956 3.911 5.867 7.823 9.705 11.475 13.154 14.758 16.301 17.791
27 0.978 1.955 3.911 5.866 7.822 9.737 11.546 13.268 14.919 16.507 18.043
28 0.978 1.955 3.911 5.866 7.821 9.759 11.606 13.368 15.062 16.695 18.275
29 0.977 1.955 3.910 5.865 7.821 9.774 11.653 13.454 15.190 16.865 18.493
30 0.977 1.955 3.910 5.865 7.819 9.773 11.691 13.527 15.301 17.018 18.691
31 0.977 1.954 3.909 5.864 7.818 9.772 11.714 13.585 15.395 17.154 18.864
32 0.977 1.954 3.909 5.863 7.817 9.772 11.724 13.629 15.475 17.269 19.020
33 0.977 1.954 3.909 5.862 7.817 9.771 11.724 13.657 15.537 17.366 19.154
34 0.977 1.954 3.908 5.861 7.814 9.768 11.726 13.673 15.584 17.445 19.271
35 0.977 1.954 3.907 5.860 7.814 9.767 11.722 13.675 15.613 17.506 19.364
36 0.977 1.953 3.907 5.860 7.813 9.767 11.719 13.671 15.626 17.550 19.434
37 0.976 1.953 3.906 5.859 7.812 9.764 11.720 13.671 15.626 17.571 19.487
38 0.976 1.953 3.906 5.858 7.811 9.765 11.718 13.669 15.623 17.575 19.518
39 0.976 1.953 3.905 5.857 7.810 9.764 11.715 13.668 15.622 17.576 19.521
40 0.976 1.952 3.905 5.856 7.809 9.763 11.712 13.667 15.623 17.577 19.524
Table 3

F, vs ¢ (LB) for various depth ratios (H/B = 0.5-10).

H/B (F,, LB)

¢ 0.5 1 2 3 4 5 6 7 8 9 10

0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999
1 1.017 1.034 1.064 1.084 1.098 1.108 1.117 1.124 1.130 1.136 1.141
2 1.034 1.068 1.130 1.171 1.200 1.223 1.242 1.258 1.272 1.284 1.295
3 1.051 1.102 1.197 1.261 1.308 1.346 1.376 1.402 1.425 1.445 1.464
4 1.068 1.137 1.265 1.355 1.422 1.475 1.519 1.557 1.590 1.618 1.647
5 1.085 1.170 1.334 1.452 1.538 1.611 1.670 1.722 1.768 1.808 1.845
6 1.103 1.205 1.404 1.551 1.663 1.754 1.831 1.897 1.957 2.010 2.059
7 1.120 1.240 1.474 1.653 1.791 1.904 2.000 2.084 2.159 2.227 2.287
8 1.137 1.274 1.545 1.751 1.924 2.060 2.180 2.278 2.373 2.458 2.535
9 1.155 1.309 1.616 1.865 2.054 2.224 2.363 2.489 2.601 2.703 2.798
10 1.172 1.344 1.687 1.974 2.201 2.393 2.559 2.707 2.839 2.962 3.076
11 1.190 1.379 1.759 2.084 2.347 2.568 2.762 2.925 3.093 3.235 3.368
12 1.208 1.415 1.830 2.197 2.494 2.750 2.972 3.173 3.356 3.525 3.667
13 1.225 1.451 1.901 2.310 2.648 2.935 3.191 3.407 3.633 3.828 4.012
14 1.243 1.486 1.974 2.426 2.803 3.127 3.416 3.679 3.922 4.132 4.356
15 1.260 1.523 2.046 2.542 2.960 3.324 3.640 3.947 4.222 4.476 4.714
16 1.278 1.560 2.119 2.657 3.119 3.526 3.890 4.222 4.531 4.819 5.093
17 1.298 1.597 2.194 2.775 3.283 3.718 4.136 4.508 4.850 5.176 5.476
18 1.317 1.634 2.268 2.893 3.447 3.940 4.376 4.802 5.182 5.547 5.886
19 1.336 1.672 2.344 3.002 3.614 4.154 4.646 5.104 5.528 5.926 6.312
20 1.355 1.710 2.421 3.129 3.782 4.369 4.907 5.409 5.875 6.322 6.747
21 1.374 1.749 2.498 3.246 3.950 4.589 5.174 5.723 6.235 6.725 7.194
22 1.394 1.788 2.576 3.363 4.120 4.805 5.438 6.046 6.606 7.142 7.655
23 1.413 1.828 2.656 3.483 4.291 5.032 5.721 6.370 6.980 7.572 8.114
24 1.434 1.868 2.737 3.604 4.460 5.257 5.996 6.704 7.366 7.997 8.614
25 1.454 1.909 2.818 3.728 4.629 5.482 6.284 7.035 7.757 8.443 9.100
26 1.475 1.951 2.902 3.850 4.799 5.710 6.565 7.377 8.150 8.896 9.613
27 1.497 1.993 2.986 3.979 4.973 5.935 6.848 7.721 8.554 9.344 10.083
28 1.518 2.036 3.071 4.108 5.144 6.164 7.139 8.037 8.957 9.820 10.651
29 1.538 2.080 3.161 4.241 5.322 6.393 7.424 8.399 9.372 10.287 11.188
30 1.562 2.125 3.248 4.374 5.496 6.617 7.714 8.746 9.775 10.760 11.714
31 1.583 2.170 3.336 4.511 5.676 6.850 8.001 9.111 10.195 11.239 12.259
32 1.608 2.215 3.434 4.660 5.867 7.083 8.291 9.462 10.611 11.724 12.805
33 1.632 2.264 3.529 4.787 6.054 7.322 8.581 9.817 11.028 12.205 13.362
34 1.656 2.314 3.626 4.939 6.246 7.564 8.871 10.178 11.435 12.700 13.905
35 1.681 2.363 3.726 5.088 6.451 7.814 9.167 10.522 11.877 13.190 14.465
36 1.707 2.414 3.827 5.240 6.651 8.065 9.468 10.891 12.286 13.665 15.009
37 1.733 2.466 3.932 5.400 6.859 8.324 9.792 11.262 12.720 14.156 15.578
38 1.759 2.520 4.038 5.540 7.076 8.584 10.117 11.614 13.150 14.670 16.147
39 1.787 2.574 4.149 5.724 7.296 8.864 10.438 12.004 13.589 15.153 16.725
40 1.816 2.631 4.262 5.890 7.522 9.158 10.784 12.410 14.013 15.680 17.269
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Table 4
F; vs ¢ (UB) for various depth ratios (H/B = 0.5-10).

H/B (F,, UB)

¢ 0.5 1 2 3 4 5 6 7 8 9 10

0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
1 1.017 1.034 1.065 1.084 1.098 1.109 1.117 1.125 1.131 1.137 1.142
2 1.034 1.068 1.131 1.172 1.201 1.224 1.243 1.259 1.273 1.286 1.297
3 1.051 1.103 1.198 1.263 1.310 1.347 1.378 1.404 1.427 1.448 1.466
4 1.068 1.137 1.266 1.358 1.424 1.477 1.522 1.560 1.593 1.624 1.651
5 1.086 1.171 1.335 1.454 1.543 1.614 1.674 1.726 1.772 1.813 1.850
6 1.103 1.206 1.405 1.554 1.666 1.758 1.835 1.903 1.963 2.017 2.066
7 1.120 1.240 1.476 1.656 1.795 1.909 2.005 2.090 2.166 2.234 2.297
8 1.138 1.275 1.547 1.761 1.928 2.066 2.184 2.289 2.382 2.467 2.545
9 1.155 1.310 1.618 1.869 2.066 2.230 2.372 2.497 2.611 2.714 2.809
10 1.173 1.345 1.690 1.978 2.207 2.400 2.568 2.717 2.852 2.975 3.090
11 1.190 1.381 1.761 2.089 2.353 2.577 2.772 2.947 3.106 3.252 3.387
12 1.208 1.416 1.832 2.202 2.502 2.758 2.984 3.187 3.372 3.542 3.701
13 1.226 1.452 1.904 2.316 2.655 2.946 3.204 3.437 3.650 3.848 4.032
14 1.244 1.488 1.976 2.431 2.811 3.139 3.431 3.696 3.941 4.167 4.379
15 1.262 1.524 2.049 2.548 2.969 3.337 3.665 3.966 4.242 4.500 4.743
16 1.281 1.561 2.123 2.665 3.130 3.539 3.907 4.244 4.555 4.847 5.121
17 1.299 1.598 2.197 2.783 3.294 3.746 4.155 4.530 4.879 5.207 5.516
18 1.318 1.636 2.272 2.900 3.459 3.956 4.408 4.825 5.214 5.580 5.926
19 1.337 1.674 2.348 3.018 3.627 4.170 4.667 5.127 5.558 5.964 6.350
20 1.356 1.712 2.424 3.136 3.795 4.387 4.931 5.437 5.911 6.360 6.788
21 1.375 1.751 2.502 3.253 3.964 4.607 5.200 5.753 6.274 6.768 7.240
22 1.395 1.790 2.581 3.371 4.134 4.829 5.473 6.075 6.644 7.186 7.705
23 1.415 1.830 2.661 3.491 4.305 5.053 5.750 6.404 7.023 7.615 8.181
24 1.435 1.871 2.742 3.613 4.475 5.278 6.029 6.736 7.408 8.051 8.669
25 1.456 1.912 2.824 3.736 4.645 5.506 6.311 7.074 7.800 8.496 9.168
26 1.477 1.954 2.908 3.861 4.815 5.734 6.596 7.415 8.198 8.950 9.676
27 1.498 1.996 2.992 3.988 4.984 5.962 6.883 7.760 8.600 9.409 10.194
28 1.520 2.039 3.079 4.119 5.158 6.188 7.171 8.108 9.010 9.876 10.717
29 1.542 2.084 3.167 4.250 5.334 6.416 7.459 8.458 9.419 10.349 11.250
30 1.564 2.128 3.257 4.385 5.514 6.643 7.748 8.809 9.835 10.826 11.789
31 1.587 2.174 3.349 4.523 5.697 6.871 8.037 9.163 10.250 11.306 12.334
32 1.610 2.221 3.442 4.663 5.884 7.105 8.326 9.516 10.668 11.790 12.884
33 1.634 2.269 3.538 4.806 6.074 7.344 8.614 9.869 11.090 12.278 13.439
34 1.659 2.318 3.635 4.953 6.271 7.589 8.905 10.222 11.512 12.766 13.996
35 1.684 2.368 3.735 5.103 6.471 7.839 9.207 10.575 11.934 13.256 14.558
36 1.706 2.419 3.838 5.257 6.677 8.096 9.514 10.934 12.352 13.751 15.061
37 1.736 2.471 3.944 5.415 6.887 8.358 9.829 11.300 12.773 14.241 15.682
38 1.763 2.526 4.051 5.578 7.103 8.629 10.154 11.679 13.203 14.730 16.248
39 1.790 2.581 4.162 5.743 7.324 8.905 10.487 12.067 13.650 15.231 16.810
40 1.819 2.638 4.276 5.914 7.552 9.190 10.830 12.467 14.104 15.741 17.382

Table 5

F, vs ¢ (LB) for various depth ratios (H/B = 0.5-10).

H/B (F,, LB)

¢ 0.5 1 2 3 4 5 6 7 8 9 10

0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.008
1 1.009 1.017 1.035 1.050 1.062 1.072 1.080 1.086 1.092 1.098 1.103
2 1.017 1.035 1.070 1.101 1.126 1.146 1.163 1.178 1.190 1.202 1.212
3 1.026 1.052 1.105 1.153 1.191 1.223 1.250 1.274 1.294 1.313 1.329
4 1.035 1.070 1.139 1.205 1.259 1.303 1.341 1.374 1.404 1.430 1.454
5 1.044 1.087 1.174 1.258 1.327 1.385 1.435 1.479 1.519 1.553 1.585
6 1.052 1.105 1.210 1.311 1.397 1.470 1.533 1.589 1.638 1.684 1.726
7 1.061 1.122 1.245 1.365 1.469 1.557 1.634 1.702 1.764 1.820 1.872
8 1.064 1.140 1.280 1.419 1.541 1.646 1.738 1.820 1.895 1.962 2.025
9 1.079 1.158 1.315 1.473 1.614 1.737 1.846 1.942 2.030 2.112 2.185
10 1.088 1.176 1.351 1.526 1.689 1.830 1.954 2.068 2.170 2.266 2.353
11 1.097 1.194 1.387 1.582 1.763 1.923 2.067 2.197 2.316 2.426 2.527
12 1.106 1.212 1.424 1.636 1.839 2.019 2.182 2.328 2.464 2.590 2.710
13 1.115 1.230 1.460 1.690 1.914 2.116 2.299 2.464 2.617 2.762 2.899
14 1.124 1.248 1.496 1.745 1.990 2.214 2.417 2.604 2.776 2.939 3.092
15 1.133 1.267 1.533 1.801 2.067 2.312 2.537 2.745 2.938 3.118 3.292
16 1.143 1.285 1.570 1.857 2.140 2.412 2.658 2.887 3.103 3.307 3.498
17 1.152 1.304 1.609 1.913 2.217 2.510 2.782 3.033 3.272 3.494 3.700
18 1.162 1.323 1.647 1.971 2.292 2.611 2.908 3.182 3.440 3.688 3.915
19 1.171 1.343 1.686 2.027 2.371 2.710 3.032 3.333 3.612 3.879 4.139
20 1.181 1.362 1.724 2.088 2.450 2.812 3.156 3.482 3.791 4.079 4.359
21 1.191 1.382 1.764 2.147 2.529 2911 3.280 3.631 3.965 4.284 4.590
22 1.201 1.402 1.803 2.208 2.609 3.010 3.404 3.787 4.143 4.489 4.821

(continued on next page)



J. Shiau, S. Keawsawasvong and R. Banyong Journal of Pipeline Science and Engineering 3 (2023) 100128

Table 5 (continued)

o H/B (F,, LB)
0.5 1 2 3 4 5 6 7 8 9 10
23 1.211 1.423 1.845 2.267 2.687 3.113 3.533 3.935 4.322 4.696 5.049
24 1.221 1.443 1.886 2.330 2.770 3.218 3.656 4.088 4.505 4.904 5.286
25 1.232 1.464 1.928 2.390 2.856 3.321 3.786 4.239 4.686 5.114 5.528
26 1.243 1.486 1.970 2.455 2.942 3.426 3.916 4.394 4.861 5.322 5.765
27 1.254 1.507 2.013 2.522 3.030 3.536 4.041 4.548 5.045 5.532 6.002
28 1.264 1.529 2.058 2.586 3.118 3.645 4.174 4.704 5.229 5.738 6.246
29 1.276 1.551 2.103 2.654 3.205 3.755 4.310 4.863 5.410 5.954 6.485
30 1.287 1.575 2.149 2.725 3.298 3.871 4.443 5.021 5.591 6.170 6.716
31 1.299 1.598 2.195 2.795 3.390 3.989 4.581 5.184 5.776 6.378 6.966
32 1.311 1.622 2.217 2.865 3.485 4.106 4.729 5.349 5.966 6.595 7.210
33 1.323 1.645 2.291 2.938 3.585 4.230 4.872 5.523 6.162 6.808 7.463
34 1.336 1.671 2.340 3.010 3.683 4.353 5.020 5.688 6.362 7.036 7.711
35 1.348 1.697 2.392 3.090 3.782 4.483 5.181 5.871 6.568 7.262 7.965
36 1.361 1.722 2.450 3.168 3.890 4.610 5.330 6.055 6.772 7.504 8.225
37 1.374 1.749 2.498 3.244 3.996 4.745 5.494 6.243 6.992 7.734 8.497
38 1.389 1.776 2.552 3.330 4.107 4.883 5.661 6.395 7.196 7.981 8.764
39 1.404 1.804 2.610 3.414 4.218 5.024 5.825 6.627 7.435 8.238 9.040
40 1.417 1.833 2.666 3.501 4.348 5.164 6.005 6.831 7.661 8.504 9.330
Table 6

F, vs ¢ (UB) for various depth ratios (H/B = 0.5-10).

H/B (F,, UB)

¢ 0.5 1 2 3 4 5 6 7 8 9 10

0 1.000 1.000 1.000 1.000 1.008 1.000 1.000 1.000 1.000 1.000 1.000
1 1.009 1.017 1.035 1.050 1.062 1.072 1.080 1.087 1.093 1.098 1.103
2 1.017 1.035 1.070 1.102 1.126 1.147 1.164 1.179 1.192 1.203 1.214
3 1.026 1.052 1.105 1.154 1.192 1.224 1.251 1.275 1.296 1.315 1.332
4 1.035 1.070 1.140 1.206 1.260 1.305 1.343 1.376 1.406 1.433 1.457
5 1.044 1.088 1.175 1.259 1.329 1.387 1.438 1.482 1.521 1.557 1.590
6 1.053 1.105 1.210 1.313 1.399 1.473 1.536 1.592 1.642 1.688 1.730
7 1.061 1.123 1.246 1.367 1.471 1.560 1.638 1.706 1.769 1.825 1.877
8 1.070 1.141 1.281 1.421 1.544 1.650 1.742 1.825 1.900 1.969 2.032
9 1.079 1.158 1.317 1.475 1.618 1.741 1.850 1.948 2.037 2.119 2.194
10 1.088 1.176 1.353 1.529 1.692 1.834 1.960 2.074 2.178 2.274 2.363
11 1.097 1.194 1.389 1.583 1.767 1.929 2.073 2.204 2.324 2.436 2.539
12 1.106 1.213 1.425 1.638 1.843 2.025 2.189 2.338 2.475 2.603 2.722
13 1.115 1.231 1.462 1.693 1.919 2,122 2.306 2.474 2.630 2.775 2911
14 1.125 1.249 1.499 1.748 1.995 2.220 2.425 2.614 2.788 2.952 3.106
15 1.134 1.268 1.536 1.804 2.071 2.319 2.546 2.756 2.951 3.134 3.307
16 1.143 1.287 1.574 1.860 2.147 2.419 2.668 2.900 3.117 3.320 3.513
17 1.153 1.306 1.611 1.917 2.223 2.519 2.792 3.047 3.285 3.511 3.725
18 1.162 1.325 1.650 1.975 2.300 2.619 2,917 3.195 3.456 3.705 3.941
19 1.172 1.344 1.689 2.033 2.377 2.719 3.042 3.345 3.631 3.902 4.162
20 1.182 1.364 1.728 2.092 2.456 2.819 3.168 3.496 3.807 4.103 4.386
21 1.192 1.384 1.768 2.151 2.535 2.919 3.294 3.647 3.985 4.306 4.615
22 1.202 1.404 1.808 2.212 2.616 3.020 3.420 3.801 4.164 4.512 4.846
23 1.212 1.424 1.849 2.273 2.697 3.122 3.546 3.954 4.344 4.719 5.080
24 1.223 1.445 1.890 2.335 2.780 3.226 3.670 4.107 4.525 4.927 5.316
25 1.233 1.466 1.932 2.399 2.865 3.330 3.797 4.261 4.707 5.138 5.555
26 1.244 1.488 1.975 2.463 2.950 3.438 3.925 4.413 4.889 5.266 5.795
27 1.255 1.504 2.015 2.528 3.037 3.546 4.056 4.565 5.071 5.560 6.036
28 1.266 1.531 2.063 2.595 3.126 3.657 4.189 4.720 5.252 5.772 6.279
29 1.277 1.553 2.108 2.662 3.216 3.770 4.324 4.878 5.432 5.983 6.520
30 1.289 1.577 2.154 2.731 3.308 3.885 4.462 5.039 5.576 6.192 6.762
31 1.300 1.600 2.201 2.801 3.402 4.002 4.603 5.203 5.803 6.404 7.004
32 1.312 1.624 2.249 2.873 3.497 4.122 4.747 5.370 5.995 6.619 7.244
33 1.324 1.649 2.298 2.947 3.596 4.245 4.893 5.529 6.191 6.840 7.488
34 1.337 1.674 2.348 3.022 3.696 4.370 5.043 5.718 6.391 7.064 7.740
35 1.350 1.700 2.399 3.080 3.798 4.498 5.197 5.897 6.597 7.296 7.995
36 1.363 1.726 2.452 3.178 3.893 4.630 5.355 6.081 6.806 7.532 8.258
37 1.376 1.753 2.505 3.258 4.011 4.764 5.517 6.269 7.023 7.774 8.528
38 1.391 1.781 2.561 3.341 4.122 4.902 5.683 6.463 7.243 8.024 8.805
39 1.407 1.809 2.618 3.427 4.235 5.045 5.853 6.662 7.472 8.280 9.088
40 1.419 1.838 2.676 3.514 4.352 5.190 6.028 6.866 7.705 8.540 9.383
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cently reported solutions by Shiau and Hassan (2020) for the cases of
passive trapdoors in undrained soils with ¢ = 0°. It is found that both
solutions are almost identical so that a good agreement between them
can be obtained. As far as we know, no published solutions of passive
trapdoor stability for Fg and F, exist for us to compare our current results
with.

6. Conclusion

The problem of water mains blowout was investigated in this paper
using the classical passive planar trapdoor, the three stability factors ap-
proach, and the principle of superposition. The upper and lower bound
finite element limit analysis are the key tools for the proposed study to
produce comprehensive stability factors. All numerical results, includ-
ing upper and lower bound solutions of the three factors, are presented
in forms of design charts and tables that can be used efficiently and
effectively to estimate blowout pressures for various trapdoor depth ra-
tios and soil friction angles. A simple example is illustrated on how to
use the three stability factors. It was concluded that the obtained results
offer a simple yet efficient and effective alternative way to enhance con-
ventional designs for passive planar trapdoors in cohesive-frictional soil.
The solutions presented in this study are applicable only to planar trap-
doors in homogeneous soils and cannot be extended to rectangular or
circular trapdoors or trapdoors in layered soils. Future study may in-
clude a 2D axisymmetric study as well as a full 3D blowout analysis
using the proposed superposition approach.
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