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ABSTRACT: The occurrence of hazard events in geotechnical practice is often associated with geotechnical
uncertainties. To prevent hazard events from happening or reduce the impacts of their consequence, sources of
geotechnical uncertainties need to be identified and treated, and appropriate control measure has to be imple-
mented throughout a project. The probabilistic methods are the devices dealing with uncertainties and the risk
management is the technique to facilitate achieving the goal of project safety. The papers presented in this theme
are summarized and briefly discussed in three categories – risk and decision analysis, geotechnical control, and
analysis and control of ground response. In risk analysis, geotechnical uncertainties need to be treated explicitly.
Results of risk analysis, qualitatively or quantitatively, not only provide a baseline for decision making but also
insights to the problem of concern. In order to make best use of available analysis tools, more case studies are
needed.

1 INTRODUCTION

1.1 Geotechnical uncertainty

Uncertainty is the lack of certainty, a state of having
limited knowledge where it is impossible to exactly
describe existing state or future outcome (Hubbard,
2007). If uncertainty requires to be treated, probabil-
ity is the device. There are two kinds of probability:
relative frequency and subjective, degree-of-belief
probability.The probability of an uncertain event is the
relative frequency of occurrence when it is obtained
through repeated trials or experimental sampling. The
subjective, degree-of-belief probability comes from
judgment where the probability of an uncertain event
is the quantified measure of one’s belief or confidence,
according to the information available and one’s state
of knowledge at the time it is assessed (Vick, 2002).

In engineering practice, although uncertainty is
surely a certainty and may create some impact, it seems
the existence of which is not a bother to many. As a
matter of fact, most of the engineers get along quite
well without explicitly using the necessary device,
probability, to manage it. This probably attributes to
the customary practice engineers have. By using the
established standards, codes, factors of safety, design
criteria, or procedures in which the uncertainties some-
how have been accounted for or somewhere hidden
behind, deterministic method by which answers are
either correct or wrong can comfortably be applied in
solving problems.

However, the material in geotechnical engineer-
ing is widely known for its significantly abundant

Figure 1. Categories of uncertainty in soil property data
(Christian et al. 1994).

uncertainties. Sources of uncertainties can be
unknown presence of geologic defects, uncertain value
of soil properties, limited knowledge to the mech-
anisms and processes, and much more. One of the
examples as presented by Christian el al. (1994) is
demonstrated in Figure 1, in which the uncertainties
associated with the characterization of soil proper-
ties are attribute to systematic error and data scatter.
Systematic error results from statistical error in mean
value arising from limited numbers of measurements
or bias in measurement procedures like those associ-
ated with field permeability test or field van test. Data
scatter, on the other hand, is a result of random testing
errors or actual spatial variation in the soil profile.

Another source of geotechnical uncertainty is mod-
eling. A model is an appropriate simplification of
reality. Good modeling skill is reflected in the ability
to identify the appropriate level of simplification – to
recognize what features are important and what are not.
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Very often engineers are unaware of the simplifica-
tions that they have made and problems may arise
precisely because the assumptions that have been made
are inappropriate in a particular application (Wood,
2004).

The types of geomechanical model can be divided
into the following categories: empirical model, theo-
retical model, analytical model, numerical model and
constitutive model. Model uncertainty is the extent
to which a model incarnates a uniquely correct rep-
resentation of the physical process it seeks to emu-
late. Model uncertainties arise from its representative
degree to the real field processes, and for a physical
process different models and operation can always be
found.

In conventional approach, effects of uncertainty
are generally accounted for, consciously or not, by
standards, codes, design criteria, or factors of safety.
The underlying uncertainties may have already been
considered or evaluated somehow in the process devel-
oping them. This simple strategy seems work quite
well for works having been encountered before and lot
of experience accumulated. However, when circum-
stances are unique and uncertainties are not routine,
which are often the cases in geotechnical engineering
practice, aforementioned procedures or tools may not
be fully applicable any more.

1.2 Geotechnical safety

The occurrence of hazard event in major geotechni-
cal engineering projects such as tunneling or deep
excavation often draws a lot of attention from the gen-
eral public. Potential consequences include significant
financial loss to the client and contractor, schedule
delay and loss of confidence to the general public, and
casualty. Thus, it is obvious that safety is an important
issue that requires special cares to ensure the objectives
of a project can be achieved.

Safety itself is in essence not a measurable quantity.
In practice, it is evaluated through the safety indicators.
Some of the physical characteristics such as the size of
cracks, deformations and differential settlements, are
selected to serve as safety indicators for evaluating
the safety status. This process requires analysis and
interpretation, and judgment plays an important role
in it. If the uncertainty is to be accounted for and the
effects are accommodated, sources of uncertainty must
be understood first. This is where probability comes
in. One of the most important tools in dealing with
probability is judgment. Judgment provides an inter-
pretative framework that helps guide how uncertainties
are comprehended and subsequently managed. When
a structure is said to be safe during adjacent excava-
tion, it means the assessor hold some sufficient degree
of belief.

In past decades, there has been a greater aware-
ness on need to treat and manage the geotechnical

Figure 2. Geotechnical safety.

uncertainty in a rational and explicit way. In response
to this demand, active discussion and development
have been seen on topics that may be grouped into
five categories: soil variability characterization, relia-
bility analysis, new generation design code, observa-
tional method, and risk assessment and management.
Advancements in these disciplines, on the other hand,
are intended to address better issues on geotechnical
safety. These concepts are conveniently illustrated by
Figure 2.

1.3 Risk assessment

Traditionally, risks were managed indirectly through
the engineering decisions taken during the project
development. More often than not, the information and
knowledge used behind the decisions are inexplicit
and not easy to trace. To improve this, it is neces-
sary to introduce formal risk management technique.
In this practice, risk is defined as the product of failure
probability and consequences:

Where, Pf is probability of failure and Cf is conse-
quences of failure.

By definition, risk assessment must account for
both the probability and extent of adverse conse-
quences of hazard events arising from a given activity.
Thus, risk assessment involves identification of haz-
ard events and qualitative or quantitative descriptions
of risks. The scope of risk analysis contains the entire
process of the causes and effect of adverse events.
Such a process is composed of three sequential parts,
an initiator that starts it, response to the initiator
and the consequences (Vick, 2002) as illustrated in
Figure 3.

Initiator is the cause that sets a potential failure pro-
cess in motion. Response is the event directly resulted
from the initiator, and also called the hazard event
in some occasions. Response leads to failure if the
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Figure 3. Components of risk analysis (Vick, 2002).

resistance or capacity of a structure is unable to sus-
tain the effects. In risk analysis, failure is treated as
consequence and needs to be a physically observable
condition like retaining wall collapse, utility pipeline
broken, roadway damage et al. Generally, failure can-
not be evaluated meaningfully if it is not converted
to something measurable such as lives lost or dol-
lar cost. It is also important to realize there are
uncertainties associated with the response. As shown
in Figure 3, probabilistic methods such as Bayes’
approach, reliability analysis, subjective judgment and
others are introduced as the tools for evaluating these
uncertainties.

As shown also in Figure 3, initiator, response and
consequence are linked together by decomposition
techniques such as event tree and fault tree. Event tree
and fault tree facilitate envision how failure process
occurs. As such, they are basic tool of risk identi-
fication and analysis. Figure 4(a) shows a two-level
of event tree and fault tress. The event starts with
initiator event I. If it occurs, the next event to hap-
pen is R1, followed by R2 or R3 or both. This event
tree contains two failure modes IR1R2 and IR1R3.
Figure 4(b) presented the same failure progress by
Fault tree. Event uses a “bottom up” or “forward”
approach beginning with the initiator and taking it
to consequences. This captures failure process by
expressing its logical order. Fault tree, on the other
hand, uses a “top down” or “backward” approach start-
ing from the top event and identifying the possible
events in the 2nd level through a search process. The
“and” and “or” logic gates instrumented in Fault tree
allow computations using Boolean algebra in coping
with complex problem.

Figure 4. Event tree and Fault tree format.

After risk is identified, the rest of work in risk anal-
ysis is to evaluate the probability and consequences
such that the corresponding rank-order can be deter-
mined based on predefined criteria. Subjective,
degree-of-belief probability often are assessed using
expert investigation method incorporated with other
techniques such as Dephi method, Analytic Hierarchy
Process (AHP), Fuzzy set theory in risk analysis. One
of the controversial issues arises here in the process –
quantification of risks. According to Vick (2002),
qualitative approaches allows us to discern that one
thing is more likely or less likely than some other, but
an important property – by how much more or less – in
the qualification process is missing. Other than it, the
depth of the insight to the problem can be reached is
considered in proportion to the efforts made in the pro-
cess of risk analysis where numerical quantification
usually requires more.

Risk response measure and reduction strategy can
be developed based on risk acceptable criteria defined
in risk policy (ITA, 2004). For risks with high rank-
order, it may be necessary to develop design or alterna-
tives in determining risk reduction measure. Decision
analysis is essentially a comparative approach based
on decision rules and results of risk analysis on var-
ious alternatives. Similar techniques in risk analysis
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Figure 5. Effect of uncertainty.

can be applied to evaluate the risk associated with
each of the alternative. By comparing the results of
risk analysis, the alternative having the greatest risk
effectiveness can be identified. Results of decision
analysis provide a solid baseline for decision maker
to make decision when dealing with risk.

1.4 Deterministic thinking versus probabilistic
thinking

In engineering, a deterministic system is a system that
given a particular input, it will always produce the same
output, and the underlying machine will always pass
through the same sequence of states. In this system,
results of thinking are either right or wrong, mathe-
matic algorithms used are either correct or not, and
there is no need to be bothered by uncertainty.

However, uncertainty in fact exists and the effects of
which may be significant in many occasions and can-
not just be neglected. As has been mentioned earlier in
this report, uncertainties in geotechnical engineering
practice are managed through standards, codes, design
criteria, factors of safety or established procedures.
With such strategies, the deterministic thinking works
and functions well for situations where experience
and routine works dominate. For unique situations or
non-routine conditions or in risk analysis, uncertainty
becomes an unavoidable issue that requires using of
the technique of probabilistic methods in obtaining
appropriate solution.

Figure 5 demonstrates the effect of uncertainty in
design results for two alternatives based on differ-
ent design models. The computed factors of safety
for alternative 1 and alternative 2 are 1.50 and 2.00,
respective. In a deterministic system, the factor of
safety for alternative 2 is apparently higher, and this
alternative is almost certain to be selected as the final
scheme. However, if the uncertainties associated with
both models are considered, the failure probability of
alternative 2 is apparently higher even the computed
factor of safety seems better.

Table 1. Risk and decision analysis.

ID Topic

IS-022 Risk analysis and fuzzy comprehensive
assessment on construction of shield
tunnel in Shanghai metro line

IS-294 Risk assessment on environmental impact in
Xizang Road Tunnel

IS-293 Risk analysis for cutterhead failure of composite
EPB shield based on fuzzy fault tree

IS-070 Risk assessment for the safe grade of deep
excavation

IS-055 Multi-factors durability evaluation in subway
concrete structure

IS-383 Research on structural status of operating tunnel
of metro in Shanghai and treatment ideas

2 REVIEW OF PAPERS

2.1 Risk and decision analysis

As listed in Table 1, the papers related to risk and
decision analysis are grouped into this section. Among
these papers, IS-022, IS-294 and IS-293 discuss tun-
neling risk analysis, and IS-070 introduces risk analy-
sis for deep excavation, and IS-055 is about decision
analysis. While the others apply formal risk or deci-
sion analysis techniques in the evaluation approach,
the approach presented in paper IS-383 can be taken
as an informal risk management approach. As have
been used widely in geotechnical practice, risks asso-
ciated with the identified hazard events were not
presented. Nevertheless, the causes of hazard events
were identified and the hazard prevention measures
were developed.

Paper IS-022 presented a risk analysis approach in
which risks were identified thorough the work break-
down and fault tree method. The associated rank-order
of the identified risks were analyzed by fuzzy compre-
hensive evaluation method. The expert investigation
method and AHP were used to determine the risk
indicators’ weight, evaluate the probabilities and con-
sequences of the identified risks. The membership
function was applied to determine the membership
degree value of each of the risk events. The case inves-
tigated in this paper was Shanghai metro, which is
a 32.2 km long shield tunnel. For the convenience of
risk analysis, the metro line was divided into 12 sec-
tions. Results of the evaluation showed the identified
risk events include obstruction, tunnel collapse, quick-
sand, groundwater ingress, ground settlement, et al.
The risk levels with respect to each of the sections
were from medium to significant. The possible finan-
cial loss is between 100,000 RMB to 10,000,000 RMB.
Based on the risk classification criteria of this case, the
consequences are great but compensable.
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Paper IS-294 presented the risk analysis for the
construction of Shanghai Xizang Road Tunnel, a river-
crossing tunnel built for the 2010 Shanghai Expo-
sition. Other special features included up-cross and
down-cross existing metro lines. Risk analysis was
based on expert investigation and confidence index
methods. The computer software “TRM 1.0” devel-
oped by the Tongji University was used as the tool
to analyze the risk data and thereafter determine the
corresponding risk level. In the case investigated, the
work of risk analysis was focused on the environ-
mental impacts as a result of tunnel construction to
the surrounding buildings, roads, and utility pipelines.
Based on the analysis results, risk mitigation measures
focused on ground settlement control were proposed.
The authors also pointed out that the risk is dynamic in
nature, which requires constant and cycled assessment
and treatment.

Paper IS-293 presented for tunneling in adverse
ground condition, the cutterhead of shield machine is
exposed to high risk of failure as a result of heavy
demand in machine operation. This paper presented
a risk analysis approach for cutterhead failure using
the fault tree analysis method and fuzzy set theory.
In this study, risk identification was conducted by
the fault tree analysis method. Results of the identi-
fication indicated three major hazard events – cuter
disk failure, cutter failure and other system compo-
nents failure – will lead to cutterhead failure. Expert
investigation method and fuzzy set theory were intro-
duced to evaluate the probabilities and consequences
of the occurrences for these hazard events. Based on
the results of risk analysis, remediation measures for
the hazard events with higher risk level were developed
and presented.

Historic data in paper IS-070 showed the proportion
of accidents in deep excavation projects resulted from
design and construction related problems is 87% based
on 344 cases investigated. Because effective tools in
dealing with geotechnical uncertainty and applicabil-
ity of current analytical theories are limited, engineers
tend to be conservative consciously or not in dealing
with geotechnical problems. This is usually reflected
in high construction costs. To improve this, a Fuzzy
synthetic evaluation process was used in this study
for risk analysis. This method follows the procedures
in which the risk factors were identified first, and
expert investigation method, Analytic Hierarchy Pro-
cess (AHP) method and Delphi method were adopted
to determine the weight for each of the factors and the
safety index, and the safety ranking order of an excava-
tion project can thus be decided. The case visited was
the Shanghai international passenger transport center
project. The size of the excavation area, hydrogeol-
ogy condition, design feature, construction aspect and
surrounding environment are selected as the primary
factors affecting the safety of deep excavation. Results

of the evaluation indicated that the level of safety
of the project as a whole was acceptable. However,
size of excavation area and hydrogeology condition
were identified as the factors having more significant
impact on the safety of the excavation activities. Mea-
sures to prevent hazard events from happening were
thus developed based on the results of risk assessment.

Paper IS-055 presented a decision analysis
approach for determining the optimal design alter-
native for the concrete mixture of a subway tunnel.
Factors having significant influence on the durabil-
ity of subway concrete structure were identified to
be stray current corrosion, chloride ions ingression,
sulfate attack and carbonation. While the durability
attribution from each of the factors was determined
individually, the combined influence of these factors
was vague. To obtain the optimal design scheme, five
design alternatives were developed. Expert investiga-
tion method, AHP and Multiple Attribute Decision
Model incorporated with fuzzy set theory were applied
in assessing the joint influence of these factors. Results
of the evaluation provided a baseline for decision
maker in selecting the adequate design scheme.

Paper IS-383 presented the health diagnostic results
and hazard prevention or reduction measures for an
operating tunnel of Shanghai metro. Results of the
diagnosis showed the tunnel structure is suffered from
detrimental events such as ingress of groundwater,
crack and convergence of tunnel lining, and settlement
along the tunnel alignment. The causes of these detri-
mental events were identified to be adverse geological
condition, sequela of the accidents during construc-
tion, local ground subsidence, construction activities
in the proximity, etc. To prevent these detrimental
events from getting worse and reduce the associated
risks to the tunnel and surrounding environment, metro
passengers and third parties, control measures in terms
of regulation, monitoring schemes were proposed.

2.2 Geotechnical control

The geotechnical control is a process exercised
throughout the planning, design and construction
phases of a project to facilitate achieving project objec-
tives. The control measures applied include regular
audit inspection, site supervision and risk manage-
ment to ensure adequate design standards and effective
safety protection be performed such that the project
can be completed in a manner of optimization. As
listed in Table 2, two of the papers were grouped into
this section. The paper IS-372 introduced a metro rail-
way under construction and the paper IS-380 presented
a retrospect study of a cable duct crossing project.
Both of the cases reported were construction projects
in Hong Kong.

Paper IS-372 presented a geotechnical control
process exercised for a HK$8.3 billion subway
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Table 2. Geotechnical control.

ID Topic

IS-372 Geotechnical control of a major railway project
involving tunnel works in Hong Kong

IS-380 Performance Review of a Pipe Jacking Project
in Hong Kong

construction project in Hong Kong. This project is
packed into three design-built contracts.The content of
the project includes the construction of shield tunnels,
cut-and-cover tunnels and underground station. The
Geotechnical Engineering Office (GEO), Civil Engi-
neering and Development Department of the Hong
Kong Special Administration Region (HKSAR) is in
charge of controlling the building ordinance and reg-
ulations and issuing technical standards. Under of
auditing of GEO, the private owner of this project, the
Kowloon Canton Railway corporation (KCRC) com-
mitted to follow the Joint Code of Practice for Risk
Management of Tunneling Works for implementation
of risk management process. The geotechnical con-
trol process started from the planning stage and will
be kept in effect throughout the construction stage.
Because the project is considered a private project,
the tunnel works may be exempted form the adminis-
trative procedures. Thus, a review panel was formed
within GEO in the planning stage. The KCRC demon-
strated to GEO they had met the requirements for
instrument of exemption (IoE) in aspects including
risk management, design, and construction. The IoE
was issued after the document met with the specified
requirements. Under the IoE, the KCRC is required
to appoint authorized personnel, employ assurance
system and control scheme, prepare site supervi-
sion plan, and keep appropriate records and reports
for regular GEO inspection during the construction
stage. Monthly meeting are scheduled between rele-
vant parties. When significant changes occur in design
or working methods, the KCRC needs to report to
GEO. The geotechnical control process is currently
in progress.

Paper IS-380 review the performance of a cable
duct crossing construction project in Hong Kong. With
the project, the geotechnical control process was exer-
cised by the GEO, HKSAR. This project involved
the construction of a 222 m long and 1.95 m diame-
ter tunnel to serve as cable duct crossing a highway,
two MRT tunnels, and two Airport express link tun-
nels.This cable duct was constructed with pipe jacking
method. Prior to the commencement of works, a condi-
tion survey was conducted for existing utility pipeline.
During construction, an automatic monitoring system
was used to take readings for monitoring railway track
settlement. The work of monitoring was controlled by
a system based on alert level, action level and alarm

level management. Specified responses corresponding
to each level of the system were also defined before the
construction started. During the construction, a close
to action level reading on the track settlement was
recorded. Under the framework of geotechnical con-
trol process, an urgent meeting was held among the
client, design and contractor. After the meeting, the
type of lubricant used for filling the gap between
the tunnel lining and surrounding soils was replaced.
With the control process, the maximum settlement of
railway tracks was controlled within the maximum
allowable range throughout the whole construction
phase.

2.3 Ground response, analysis and design

Most of the engineering designs are composed of two
major components – determining the imposed load
and computing the resistance or capacity. Factor of
safety in a design problem is defined as the ratio
between the resistance and load. Because most of
the geotechnical engineering projects are performed
underground, the construction activities involving add
or remove loads to the ground will inevitably result
in stress and strain redistribution. When the resulted
stresses exceed the resistance or capacity of the
ground, failure could occur. However, ground response
before reaching failure state may draw more concern
for underground construction project. In urban area,
underground construction induced ground deforma-
tion make the construction itself and the buildings,
utility pipelines and infrastructures adjacent to the con-
struction site exposed to the risk of being damaged.
Results of ground response prediction and monitoring
can be used as a baseline for developing control and
protection schemes.

The papers in this group are further divided into two
sub-groups – ground response, analysis and design –
for discussion purposes.

2.3.1 Ground response
Table 3 lists the papers related to the issue of ground
response. Paper IS-048 introduced a prototype and
laboratory scale non-destructive scanning technique
designed for detecting crack or cavity ahead of the
front end of a shield machine. Paper IS-369 presented
an analytical approach for evaluating the squeez-
ing potential of soft rock. Paper IS-247 presents a
numerical investigation for the floor heave behavior
at the T-section of a deep mining tunnel using three-
dimensional finite element method. Paper IS-376 dis-
cusses the application of strain gauge in measuring
strut load in deep excavation project in Singapore.
Suggestions for maximizing its effectiveness are also
proposed. Paper IS-014 and IS-339 present the appli-
cation of fuzzy set theory and neural network in
predicting ground settlement induced by tunneling.

72



Table 3. Ground response.

ID Topic

IS-048 Experimental studies of a geological measuring
system for tunnel with ultrasonic transducer

IS-369 Squeezing potential of tunnels in clays and
clayshales from normalized undrained shear
strength, unconfined compressive strength
and seismic velocity

IS-247 Floor heave behavior and control of roadway
intersection in deep mine

IS-376 Maximising the Potential of Strain Gauges:
A Singapore Perspective

IS-014 Prediction of surface settlement induced by
shield tunneling: an ANFIS model

IS-339 The use of artificial neural networks to predict
ground movements caused by tunneling

Paper IS-048 presented an experimental model
developed for detecting multiple reflection sources
based on rotational scanning technique and ultrasonic
wave reflection method. In the proposed test config-
uration, the ground was simulated by plaster blocks,
among which the maximum dimension is of 1000 mm
in height, 1200 mm in width and 150 mm in thick-
ness. Horizontal and inclined cracks are simulated by
drilled holes. Various signal process techniques such
as stacking, signal compensation, and demodulation
were applied to obtain ultrasonic image of the space
ahead of the scanning transducer. Results of the exper-
imental evaluation showed that the proposed method
is able to identify the location of multiple reflection
sources.

The tunnel squeezing phenomenon was first
described by Terzaghi (1946) who associated squeez-
ing mainly with clay–rich rocks. One of the first
stability criteria to predict squeezing was developed
by Peck (1969) for tunnels in clays based on Broms
and Bennermark’s (1967) stability criteria for open
excavation. For tunnel in rocks, most of the squeez-
ing criteria proposed are empirical or semi-empirical
such as Singh et al. (1992), Goel et al. (1995, 2000),
Jethwa el al. (2000) and more. The main challenge in
use of these semi-empirical approaches is in the deter-
mination of the rock mass strength. In addition, most
of the proposed methodologies developed thus far are
mainly for clays or hard rocks. Few studies have been
proposed for intermediate material such as hard soils
or soft rocks.

In paper IS-369, simple methods to evaluate the
squeezing potential of intermediate soil-rock material
based on undrain shear strength, unconfined com-
pressive strength and P-wave velocity was proposed.
Evaluation of field measurement and other empiri-
cal tunnel squeezing criteria was also performed for
comparative purpose.

For large cross section tunnel, the ground deforma-
tion resulted from excavation work is usually much
more significant at the tunnel intersection than at the
regular part. Thus, special measures controlling pos-
sible ground movement that might be detrimental to
the safety is necessary. Paper IS-247 presented an
investigation of the floor heave at a T-section of a ven-
tilation tunnel at the depth of GL. −990 m of Tongkou
colliery using three-dimensional finite element mod-
eling. Based on the evaluation results, suggestions for
controlling floor heave were given.

Instrumentation plays an important role in ensur-
ing that construction control is maintained during
excavation. Comparison between the monitored data
and design predictions provides the opportunities for
verifying design results and refining design meth-
ods. Experiences indicate in most of the excavation
project, some of the instrumentation readings are gen-
uine load conditions while some are not. It is important
to gain clear understanding of the impact of construc-
tion activities and data interpretation and make effort
to maximize the quality of the data.

According to paper IS-376, strain gauge is widely
used in measuring the change of strut load in deep
excavation in Singapore because of the acceptable reli-
ability and low costs compared to other instruments.
However, the performance of strain gauge can easily
be affected by the location where it is installed, electro-
magnetic interference, temperature, preloading, weld-
ing and other construction activities. To minimize the
influence of these factors, measures such as use of
load cell as a cross reference, protection against con-
struction induced disturbance, and use of real time
system were proposed. For data interpretation, skilled
personnel fully aware of the design predictions for the
excavation, the excavation process and the potential
impact of the excavation on the readings should be
assigned.

Due to the complexity and variation of the ground
composition, accurate prediction of tunneling induced
ground settlement based on conventional geotechni-
cal approaches such as empirical methods, analytical
methods or numerical methods is considered by many
as a challenge. Empirical approach is easy to use but
often precludes the consideration of ground resistance
and deformability parameters. Analytical and numer-
ical approach are generally using simplified ground
parameters for practical purposes rather than incor-
porating the complete ground conditions along the
whole range of a tunnel alignment into the modeling
approach. The applicability of available constitutive
models and simulation of three dimensional ground
response within 2 dimensional space for ground set-
tlement prediction is controversial to many. An alter-
native in solving the problems mentioned above is the
artificial intelligence technique. Artificial neural net-
work and fuzzy logic were introduced into this field
for prediction in recent years.
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Figure 6. Conceptual model of a neural network with two
inputs and one outputs.

An artificial neural network (ANN), often just
called a “neural network” (NN), is a mathematical
model based on biological neural networks. A con-
ceptual model is shown in Figure 6. It consists of an
interconnected group of artificial neurons and pro-
cesses information using a connectionist approach to
computation. In most cases an ANN is an adaptive
system that changes its structure based on external or
internal information that flows through the network
during the learning phase. In more practical terms neu-
ral networks are non-linear statistical data modeling
tools. They can be used to model complex relation-
ship between inputs and outputs or to find patterns in
data. One of the most important properties of ANNs is
their ability to learn from environment and to improve
their performance with such learning. The learning
occurs when the NN reaches a generalized solution
for a particular case of problems.

Fuzzy logic is a form of multi-valued logic derived
from fuzzy set theory to deal with reasoning that is
approximate rather than precise. Just as in fuzzy set
theory the set membership values can range between
0 and 1, in fuzzy logic the degree of truth of a statement
can range between 0 and 1 and is not constrained to the
two truth values, true and false, as in classic predicate
logic. When linguistic variables are used, these degrees
may be managed by specific functions.

The Adaptive Neural-Fuzzy Inference System
(ANFIS) is a hybrid intelligent system combining the
ability of a neural network to fuzzy logic. An illustra-
tive architect of ANFIS is given in Figure 7. It uses
a given set of input/output data to construct a fuzzy
inference system within which the membership func-
tion parameters are tuned or adjusted using either a
backpropagation algorithm along or in combination
with a least square type of method. This adjustment
allows the fuzzy system to learn from data and thus
it also has the potential in prediction. This paper pre-
sented an application of an ANFIS based model in the
prediction of shield tunnel induced settlement.

Paper IS-339 presented an application of ANN in
predicting ground settlement induced by tunnel exca-
vation. The case visited is the Metro-DF in the city of
Brasilia and the tunnel was constructed using the New

Figure 7. Architecture of ANFIS.

Table 4. Input and output parameters.

Input parameters, xi Output parameter, y

Ground settlements along the Ground settlement
centerline of tunnel alignment along the centerline
0 m, −5 m, −10 m, −20 m and of tunnel alignment
−30 m relative to front end of +5 m relative to
shield machine front end of shield

tunnel lining installed per day in machine
terms of the number of rings

Austrian Tunneling Method (NATM). Two data sets
were used for training the ANN. One of the data set
was obtained from the monitored data during the tun-
nel construction and the other was established based
on results of finite element modeling. Validating or
testing of the ANN was performed after the comple-
tion of training phase. Results of the evaluation with
monitored data show the average correlation coeffi-
cients between the predicted and measured value were
about 0.99 and 0.95 at the completion of training phase
and at the validating phase, respectively. Although
the prediction with finite element method exhibited
better correlation between the results obtained from
the training and validating phases, precision was not
always achieved. The authors attributed the cause of
lacking precision to inadequate constitutive model,
difficulty in simulating the real tunnel geometry, and
simulate the three dimensional physical reality in two
dimensional space. Based on the evaluation results,
the authors concluded that the ANN is an effective
computational tool in predicting settlement induced by
tunneling when good set of training data is available.

Paper IS-014 presented the application of an
ANFIS model in the prediction of ground settlement
induced by shield tunneling. The case visited is the
Shanghai No. 2 subway project. Data set obtained from
field measurements was used in model training and
validating.

Results of the evaluation showed that the ANFIS
predictions are in good agreement with the measured
data with relative error within the range from 2%
to 7%. For this particular case visited, the author
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Table 5. Analysis and design.

ID Topic

IS-083 Research and application of road tunnel structure
optimization

IS-374 Framework of performance-based fire protection
design method for road tunnel

IS-125 Discussion on design method for retaining
structures of metro station deep excavation
in Shanghai

IS-234 Research on stochastic seismic analysis of
underground pipeline based on physical
earthquake model

also compared the ANFIS predicted results with
those derived from Peck approach (1969), Pi-sigma
approach (Gupta and Rao, 1994) and Back Propa-
gation based neural network method. According to
the authors, the ANFIS prediction exhibited relatively
better accuracy and stable in terms of the computed
results.

2.3.2 Analysis and design
The papers relating to analysis and design are grouped
in this section as listed in Table 5.

According to paper IS-083, conventional road tun-
nels are designed based on passive analysis approach.
This method follows the procedure (1) alternatives
development (2) computation and analysis (3) select-
ing the best design scheme among alternatives. The
advantage of this method is conceptually easy. How-
ever it is time consuming and may not be able to
identify the best alternative if it is not included in
the scheme developed. Thus, it is difficult to eval-
uate the performance of the structure. To improve
this, an optimization method is proposed in this paper.
In this method, the dimensions of the tunneling are
treated as input variables, and the stress of the spring is
the objective function. Algorithm of complex analysis
programmed by C++ language was used in the opti-
mization process. Results of comparison showed both
the stress distribution along the tunnel and the relating
structural cost were reduced significantly based on the
results evaluation for this method.

Currently, performance based design code has been
used in fire protection design for buildings. However,
the design code for road tunnels is still prescrip-
tive based. In view of this, Paper IS-374 proposed a
framework of performance based design code for road
tunnels with large cross sections.

Although there is no significant variation in the
construction methods and geological condition for
Shanghai metro, results of diaphragm wall and strut
design in terms of diaphragm depth, thickness, rebar
content, and strut load in deep excavation are appar-
ently varied even for projects with similar excavation

depth. The paper IS-125 presents the results of investi-
gation for projects with excavation depth from 14.92 m
to 17.28 m. The comparison of the strut loads between
the design value and field measurement in Shanghai
was also presented. Causes of the deviation were iden-
tified to be results of different computation tools, anal-
ysis parameters, and lacking communication between
designer and contractor. Over-design and unneces-
sary cost were often the consequences. Suggestions
on the issues relating to active earth pressure coeffi-
cients, vertical spring coefficient, kv, under the toe of
the diaphragm wall, equivalent subgrade coefficient,
kh, strut load, diaphragm thickness, and monitoring
scheme were proposed.

3 CONCLUSION AND REMARK

3.1 Treatment for geotechnical uncertainty

In conventional approach, geotechnical uncertainty is
managed through codes, standards, design criteria,
established procedures and other devices. Uncertainty
is recognized somewhat indirectly and inexplicitly.
Engineering judgment plays an important role and
has been used commonly in defining and setting the
aforementioned management devices. For risk man-
agement and other unique or non-routine geotechnical
problems, judgment still plays an important role but
geotechnical uncertainty needs to be treated explicitly
for requirements such as safety evaluation. Proba-
bilistic methods including Baye’s theorem, reliability
method, subjective probability and more provide the
necessary tools in coping with it.

3.2 Qualification and quantification for risks

Expert investigation method was used extensively for
risk analysis in determining the probability and con-
sequences of risk events. This method requires experts
to express their judgment in qualitative terms based on
predefined criteria, all information available, and the
uncertainties of the risk they perceive. The application
of elicitation techniques based on cognitive process is
necessary in finding the true belief of the experts. It is
also important to reduce the extent of what considered
unavoidable bias when using elicitation techniques in
expert investigation.

Uncertainty is usually expressed qualitatively and
the use of verbal terms like “possible”, “probable”,
“likely” or “unlikely” seems to work well. However,
numerical quantification provides the missing link for
qualitative approach. The extent to which the uncer-
tainty of an event is greater than the other can be
determined through quantitative approach. It is impor-
tant to note that probability, qualitatively or not, is
only a verbal description or the output of numerical
quantification process. The insight obtained through
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the process is what really matters. The insight helps
us understand the true meaning of the probability
associated with the problem and what behind it.

3.3 Decision analysis

Decision analysis is a technique developed on the
framework of risk analysis and comparative skills.
Through this technique, a relatively better design alter-
native can be determined. Nevertheless, it should be
noted that decision analysis only provides a baseline
for decision maker. A well-informed decision comes
about by considering risk magnitudes, risk reduction
measures, and feasibility in performing these measures
other than the results of decision analysis.

3.4 Need for more case studies

No new theory in soil mechanics can be accepted for
practical use without ample demonstration by field
observations that it is reasonable accurate under a
variety of conditions (Terzaghi and Peck, 1948). To
interpret the results of observation, it is necessary to
incorporate judgment. Judgment, or subjective proba-
bility plays an important role for risk management and
hazard control. The acquisition of judgment relies on
experience and knowledge that can be derived from
field observation or diligent study of published case
histories. Because the opportunity of performing per-
sonal observation is limited for most in contemporary
geotechnical practice, study of case histories becomes
the primary source for accessing and developing one’s
own experience.

For risk management and hazard control, more case
studies are needed. Geotechnical engineers should
make best use of available tools and present their cases
for further studies.
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