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RISK OF EMERGENCY SITUATIONS OF
UNDERGROUND OBJECTS IN THE PERSPECTIVE
OF MULTI-CRITERIA DECISION MAKING

R. DACHOWSKI!, K. GALEK?

The diaphragm wall and the open caisson represent two main competitive technologies used in the
construction of underground objects. In modern times, diaphragm walls are primarily applied for large-size
objects, with open caissons being preferred in the case of small-sized ones. Currently, objects of this type are
designed mainly for sewage treatment plants and detention reservoirs. Their construction involves highly
labour-intensive processes. During the execution of works unforeseen negative effects are observed to occur.
During the underground objects construction the most common phenomena are: deviations from the vertical
(tilt), sagging, sinking below the designed level, cracking, scratches or leakage through the wall. The
purpose of the paper is to classify undesired risk factors emerging in the process of underground objects
construction and selection of the optimal technological and material solution for municipal facilities. The
implementation of this task involved the selection of Multi-Criteria Decision Making methods, taking into
account the cause-effect rating, as the mathematical apparatus. The Ratio Estimation in Magnitudes or
deciBells to Rate Alternatives which are Non-DominaTed (REMBRANDT) method was applied. The
research proved that it is possible to analytically assess unforeseen risk factors conducive to emergency

situations during the implementation of underground objects, using the REMBRANDT method.

Keywords: open caisson sinking, diaphragm wall, REMBRANDT, multi-criteria decision making, underground
objects
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1. INTRODUCTION

The development of modern cities together with the surrounding infrastructure and high
urbanization is associated with the demand for new objects and traffic routes, which are
increasingly located under the surface of the already developed area. A wide range of
underground constructions and the complexity of implementation conditions, as well as the
frequent negative impact on the technological process of underground objects may lead to pre-
emergency or emergency situations. This results in the necessity to conduct a more complete
classification of these objects, taking into account adverse risk factors associated with
construction processes during the implementation of underground objects.

The official classification of underground objects divides them into linear and cubic [7]. Authors
focus their attention on cubic objects. They are primarily designed to serve municipal, town-
planning, industrial, hydro-technological and specialist purposes (military objects, hard coal
mines). Currently, the most commonly constructed are the municipal objects. This is related to
i.a. the Directive 91/271 /EEC [6] concerning municipal wastewater treatment. Pursuant to
Article 43 (1) of the Water Act [19], agglomerations with PE of above 2,000 should have
collective sewage systems with treatment plants for municipal sewage, in accordance with the
provisions of the National Programme for Municipal Wastewater Treatment (NPMWT) [11].
This problem is related to the separation of stormwater from the sewage system. Introducing
large amounts of stormwater into the river at once can pose a significant threat to the
watercourse. Therefore, detention reservoirs are constructed with stormwater sewers. They
perform the function of accumulation, as settlers in pump or gravity systems. In the face of
serious climate change these systems are designed for many generations due to the frequent
occurrence of hundred-year rainfalls [1]. The sewage pumping stations are built in typical
wastewater treatment plants. Both detention reservoirs and sewage pumping stations are
underground objects. In modern times the most commonly used underground objects
technologies include: diaphragm walls, open caissons and combined methods (hybrids). The
objective of the paper is to classify undesired risk factors emerging in the process of
underground objects construction and selection of the optimal technological and material

solution for municipal facilities.
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2.  CRITICAL LITERATURE ANALYSIS

Information on the behavior of underground structures during the entire investment process was
collected based on the analysis of the literature data as open caisson as data from the
implementation of the underground objects, during which the authors of the article were
participants in the implementation processes. As mentioned above, the most popular
underground technologies today are diaphragm walls, open caissons and all hybrids, with the
latter being performed in principle for open excavations. The authors dealt with the analysis of
technologies implemented without the need to perform open excavations. They analyzed the
technology of the diaphragm wall and open caisson. Practically, the implementation of the
underground objects for economic reasons takes place in underground technologies from a depth
of about 6-8 m. Analyzing the entire implementation process of the diaphragm wall and open
caissons we deal with the following risk factors:

> ftilting,
hanging,
implementation below the designed level,
floating objects above the foundation level,

cracking of reinforced concrete wall,

vV V. V V V

freezing of the external surface of the reinforced concrete wall to the surrounding soil.

2.1. CRITICAL LITERATURE ANALYSIS OF DIAPHRAGM WALL TECHNOLOGY

Pakbaz M.S. [18] in his article assesses the effect of soil excavation after the construction of a
diaphragm wall at the depth of 5.0 m (designed depth - 17.5 m). He measured the lateral
deviations of the diaphragm walls and the settlement of the ground surface behind the wall at the
underground station in Iran, with the measurements being performed in three stages. The lateral
deviations of the wall were of about 4 cm, while those of the surface behind the wall at a
distance of 5, 10 and 15 m — from 4 to 12 cm. Then, lateral deviations of the walls and the
settlement of the surface were estimated by numerical methods at a distance of up to 50 m,
comparing with data from all over the world. The forecasts were optimistic, but still the surface
damage to the neighbouring buildings was predicted. The article [21] presents an overview of
various methods of verifying the stability of diaphragm wall and the terrain surface and
compares them with two diaphragm walls with a depth of 30 m in Bucharest. The papers [23,

24] were devoted to the pressure of the concrete mixture on the surface of the slurry trench and
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the resulting deformations. It was found that laying the concrete mix increases the passive soil
pressure and causes a significant increase in the level of stress in the upper part of the wall. As a
result of the increased stress prior to soil excavation, up to 15% larger deformation of the
terrain surface and wall deformation is predicted. The article [25] deals with the problem of
deformation of the diaphragm wall in the construction of the Berlin underground and the impact
of this phenomenon on the surrounding overground objects. It was found that the evaluation of
this phenomenon should be performed using simple numerical methods, due to permanent
changes in technological processes over time. Authors in [16] concluded that the impact zone on
the surface of the terrain behind the wall, which has effect on the deformation of the diaphragm
wall, is equal to its depth, D. A settlement zone is formed behind the wall. The maximum
settlement is about 0.2D behind the wall, and the settlement outside the impact zone is

negligible.

2.2. CRITICAL LITERATURE ANALYSIS OF OPEN CAISSON TECHNOLOGY

The article [14] presents the design procedure, construction methodology and difficulties
encountered during the construction of a rectangular-section open caisson for pumping stations
intended for irrigation systems in India. The article [23] presents the design procedure,
construction methodology and difficulties encountered during the construction of a rectangular-
section caisson for pumping stations intended for irrigation systems in India. The soil consisted
of sandy clayey silt, with the layer of rock starting at the depth of 30 m. Those conditions were
difficult, so with a high level of groundwater, the construction of the caisson became a compiled
task, due to the excavation of the soil from under the water, which is associated with the danger
of inclinations . Many articles emphasize the need for thorough soil investigation [3, 5, 13]. For
example, the article [3] discusses the use of vertical seismic profiling in geological-geophysical
soil research. The given solutions are connected with the use of sophisticated equipment, used
primarily for very large investments, and unfortunately — not very precise. Owing to the above,
simpler soil investigation methods are often used in the implementation of underground objects
[3]. Another issue in the construction of underground objects using the open caisson technology
is the continuous monitoring of the implementation process, with the application of various
types of software and many sensors. This method undoubtedly allows for an increased hazard
during the implementation of underground objects. It also reduces the risk factors on structures,
but it is considerably more costly. In the applications of this technology discussed in this article,

i.e. during the construction of sewage pumping stations or small-sized detention reservoirs, this
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may significantly increase costs. This is undoubtedly future-oriented methodology, however, it

is appropriate for large-scale objects and unfortunately requires a huge amount of data from

nature [9].

2.3. DATA AND METHODOLOGY

The analytical process was based on the use of a multi-criteria decision making apparatus. For

this analysis to be conducted, the previously presented literature review was used. This provided

basis for the selection of the criteria for individual technological and construction solutions

together with risk factors (table 1). The criterion of economy remains without a description of

negative impact. Instead, a graph has been presented (Figure 1). The multi-criteria analysis,

carried out in the next part focuses on the construction of underground facilities at a depth of 6 m.

Tabela 1. Negative impact on the implementation process of underground

objects.
Technological and structural solutions
No. Criteria Diaphragm wall (DW) Open caisson (OC)
Negative impact
1 Economy (EC) n/d (no data) n/d (no data)
2 Soil excavation (SE) - wall deviation from the vertical, - wall deviation from the vertical
- arch deflection of the walls,
- ground settlement behind the wall, | - ground settlement behind the wall,
- landslides,
- increased excavation of soil mass - increased excavation of soil mass
- wall cracks, scratches
3 Placing concrete moz - increased pressure of the concrete - roughness of the concrete surface,
(PCM) mix on the walls of the slurry
trench,
- increased amount of the applied
concrete mixture
- roughness of the concrete surface,
- the possibility of imprecise concrete
mix laying
4 Deviation from the - wall scratches and cracks, - wall scratches and cracks,
vertical(VD) - the possibile appearance of
increased quantities of soil
masses in the caisson,
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Comparison of underground municipal facilities
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Fig.1. Comparison of costs for three technologies of underground municipal objects.

With the application of the operational research, the multicriteria decision support methods
permit the selection of the optimal solution out of many decision variants. The most favourable
option is chosen on the basis of uniform criteria applied to assess individual solutions. In certain
multicriteria methods the solutions are assessed based on defined scales [9,18]. The Analytic
Hierarchy Process is a multicriteria decision support method which uses the utility function,
similarly to the REMBRANDT method. The AHP uses Saaty’s 1-9 scale [8,22,26,27]. Ratio
Estimation in Magnitudes or deci-Bells to Rate Alternatives which are Non-DominaTed
Technika (REMBRANDT) was developed in Holand under the supervision of Lootsma (1992).
REMBRANDT hierarchy is divided into three levels. The highest level comprises the objective
of the analysis, the lower level includes the criteria and the bottom of the hierarchy — decision
variants [15,28]. The element comparison results are determined on the basis of the logarithmic
rating scale (Tab.1.) [2,12,15]. The scale is constructed in a way that eliminates the reversed

rating problem that may occur in the case of AHP [17,29].
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Table 2. Rating scale for the REMBRANDT method [15].

.. Numerical
Descriptive assessment

assessment
Huge advantage of the second in turn variant over the first one. -8
Intermediate rating -7
Very big advantage of the second in turn variant over the first one. -6
Intermediate rating -5
Big advantage of the second in turn variant over the first one. -4
Intermediate rating -3
Slight advantage of the second in turn variant over the first one. -2
Intermediate rating -1
Equivalence of elements 0
Intermediate rating 1
Slight advantage of the first in turn variant over the second one. 2
Intermediate rating 3
Big advantage of the first in turn variant over the second one. 4
Intermediate rating 5
Very big advantage of the first in turn variant over the second one. 6
Intermediate rating 7
Huge advantage of the first in turn variant over the second one. 8

The first stage of the analysis using the REMBRANDT method is to create a matrix of
comparisons of criteria pairs, according to the scale presented above. Subsequently, the values
of the matrix are converted into values of the geometric scale, according to the formula (2.1)

[28]:
2.1 S—J‘ = exp(yé}}-), Lji=1,.,z y =2

Next, the geometric means (v;) for each of the rows of the obtained matrix (2.2) are determined
[29].

2.2) v = f/Kl - Ky -K3-Ky- .- K, , where n — number of criteria, K,—criteria

The obtained geometric means are successively normalized additively (vi’) (2.3) [15]. The

normalization process is completed when the weights for each criterion have been achieved.

Vi

Z_?:1 Vi j

(2.3) v}

The second stage of the analysis involves determining the comparison matrix in pairs of decision

variants with respect to each of the criteria. The remaining procedures include the
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transformation of the comparison matrix in pairs of decision variants into the values of the
geometrical scale, the calculation of geometric means for individual rows and additive
normalization. The third stage consists in calculating the final priority values for all the decision

variants (s;) (2.4). The weights previously determined for the criteria are used for calculations.
24 Sl:ﬂﬁ:;(V’j.ij.SKj

The result of calculations is the matrix — the rating of decision variants.

3.  RESULTS OF ANALYSIS

After determining the relations between the criteria, a comparison matrix of criteria was built in
accordance with the REMBRANDT methodology (Fig.2.). The following designations were
used: K1 - economy (EC), K2 - soil excavation (SE), K3 - placing concrete mix (PCM), K4 -
vertical deflection (VD).

5 | Ki | Kz | Ks | Ks
Ki| 0o |-5|4]6
Ky| 5 0 4 0
Ki| 4| -4]01]0
Ks| 6] 0 0 0
Fig.2. Matrix of criteria comparisons.

Subsequently established values were transformed into geometric scale values. The

transformations resulted in the following matrix (Fig.3.).

i Ki K> K3 K4
Ki 1 0.177 | 0.25 8
K | 5.657 1 4 1
Ks 4 0.25 1 1
Ky | 0.125 1 1 0
Fig.3. Matrix of criteria comparisons with the geomentric scale values.

Next, the geometric means for each of the rows was determined (Fig. 4) and the data were

subject to additive normalization, as shown in Fig.5.
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8 Ki K Ks | Ky Vi
K, 1 0.177 | 0.25 8 0.771
K; | 5.657 1 4 1 2.181
K; 4 0.25 1 1 1
Ky | 0.125 1 1 0 |0.595

Fig.4. Matrix after determining the geometric mean.

8ij Kl K2 K3 K4 vi,
Ky 1 0.177 | 0.25 8 0.771
K: | 5.657 1 4 1 2.181
Ks 4 0.25 1 1 1
Ks | 0.125 1 1 0 0.595

Fig.5. Normalized matrix.

In the second stage of the REMBRANDT analysis, a matrix of comparisons of decision variants

against the previously defined criteria was created. The following matrices were obtained:

8ij OC | DW
oC |0 4
DW | 4 0

Fig.6. Matrix of comparisons of decision

variants against the criterion of K1 —economy.

&ij OC | DW
oC |0 4
DW | 4 0

Fig.8. Matrix od comparisons of decision

variants against criterion of K3 — soil

laying excavation.

Fig.7. Matrix of comparison of decision

variants against the criterion of K2 — deviation

3ij | OC [ DW
oc [0 |3
DW | -8 0

from the vertical.

Fig.9. Matrix od comparisons of decision

variants against criterion of K4 —

8 OC | DW
oC |0 4
DW | 4 |0

concrete mix.

Used symbols: OP-open caisson, DW-diaphragm wall.

The subsequent procedures were analogous to the criteria analysis. The matrix values were

transformed into geometric scale values, the geometric means of the rows were calculated and

the obtained results were normalized according to the formula (1.5).

The result of normalization is shown in Figures 10-13
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vi

@D =

8i | OP| DW | sK; 8ij | OP | DW| sKi

OP |0 4 0.8 OP |0 8 0.941

DW, 4 0 0.2 DW | -8 0 0.059
Fig.10. Matrix of comparisons of decision Fig.11. Matrix of comparisons of decision
variants after normalization variants after normalization.

5; | OP | DW | sKi 8; | OP|DW | sKi

OP |0 4 0.8 OP |0 4 0.8

DW| -4 0 0.2 DW| -4 0 0.2
Fig.12. Matrix of comparisons of decisio Fig.13. Matrix of comparisons of decision
variants after normalization. variants after normalization.

The final stage was to determine the final vector of priorities (Fig.14).

S1-0.8017.0,941048.9, 5022, g0-131

Sz:o,z 047, g5g0-428,9 2022, 70131

Si
(op)
Sz
(DW)

0.865

0.111

Fig.14. Final vector of priorities.

The first solution — the open caisson — obtained a higher value of the final vector of priorities
(OP) — 0. 865. The REMBRANDT analysis revealed that the open caisson offers a

better technology, material and construction solution.
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4. CONCLUSIONS

» The critical analysis of the literature, together with the available data obtained from practical
execution of works, concerning cubic underground structures intended for municipal use,
allowed for the identification of technological and construction solutions appropriate for
sewage pumping stations in sewage treatment plants as open caisson as detention reservoirs.

» Taking into account technology, construction and materials, the solutions selected for detailed
analysis, chosen out of numerous available variants of underground objects, included
diaphragm walls, open caissons, open excavations with various temporary casings —
characteristic for previously used applications.

» A multi-criteria analysis and assessment of risk factors on the execution of selected
technological and construction variants were performed, and the uniform criteria from the
primary groups: technological, construction and economic were established. With the pre-
determined number of three technology, construction and material solutions, the following
secondary criteria were selected: placing concrete moz (PCM), soil excavation (SE),
deviation from the vertical (VD) and economy (EC).

» The method of multi-criteria support of the decision-making process — REMBRANDT —
made it possible to calculate weights for each of the criteria based on a hierarchical scale. The
applied REMBRANDT methodology allowed for the determination which of the considered
technological, constructional and material solutions for municipal objects was optimal.

The first variant, i.e. the open caisson, achieved better results. The REMBRANDT method
indicates the best solution for a chosen decision problem. The method does not allow for

revealing relations between criteria and cases.
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NEGATYWNE ODDZIALYWANIA NA PROCES REALIZACJI OBIEKTOW PODZIEMNYCH

W UJECIU WIELOKRYTERIALNEGO PODEJMOWANIA DECYZJI

Keywords: studnia opuszczana, Sciana szczelinowa, REMBRANDT, wielokryterialne wspomaganie decyzji,
budowle podziemne

SUMMARY :

Glowne konkurencyjne technologie dla obiektow podziemnych, to $ciany szczelinowe i studnie
opuszczane. W czasach wspélczesnych S$ciany szczelinowe realizowane sa glownie dla obiektow
wielkogabarytowych, a studnie opuszczane dla matogabarytowych. Obiekty tego typu projektowane sa
obecnie gtéwnie dla oczyszczalni Sciekéw i zbiornikéw retencyjnych. Realizacja ich obejmuje niezwykle
pracochtonne procesy. W trakcie wykonawstwa powstaja nieprzewidziane oddziatywania negatywne.
Podczas procesu budowy obiektow podziemnych najczesciej wystepuja: odchylenia od pionu, zawisania,
opuszczanie ponizej projektowanego poziomu, pgkania, zarysowania, nieszczelnosci $cian. Celem pracy jest
klasyfikacja niepozadanych oddziatywan negatywnych powstajacych w procesie realizacji obiektow
podziemnych oraz wybor najkorzystniejszego rozwiagzania technologiczno-materialowego dla obiektow
komunalnych. W charakterze aparatu matematycznego do zrealizowania tego zadania zostaly wybrane
metody wielokryterialnego podejmowania decyzji z uwzglednieniem ocen skutkowo- przyczynowych.
Zastosowano metode REMBRANDT (Ratio Estimation in Magnitudes or deciBells to Rate Alternatives
which are Non-DominaTed). Badania dowiodly, iz ocena analityczna nieprzewidzianych oddziatywan
negatywnych, sprzyjajacych sytuacjom awaryjnym w trakcie realizacji obiektow podziemnych jest mozliwa

przy wykorzystaniu metody REMBRANDT.
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