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Abstract. This paper presents an innovative approach of integrating Building Information Modeling (BIM) and expert
systems to address deficiencies in traditional safety risk identification process in tunnel construction. A BIM-based Risk
Identification Expert System (B-RIES) composed of three main built-in subsystems: BIM extraction, knowledge base
management, and risk identification subsystems, is proposed. The engineering parameter information related to risk fac-
tors is first extracted from BIM of a specific project where the Industry Foundation Classes (IFC) standard plays a bridge
role between the BIM data and tunnel construction safety risks. An integrated knowledge base, consisting of fact base,
rule base and case base, is then established to systematize the fragmented explicit and tacit knowledge. Finally, a hybrid
inference approach, with case-based reasoning and rule-based reasoning combined, is developed to improve the flexibil-
ity and comprehensiveness of the system reasoning capacity. B-RIES is used to overcome low-efficiency in traditional
information extraction, reduce the dependence on domain experts, and facilitate knowledge sharing and communication
among dispersed clients and domain experts. The identification of a safety hazard regarding the water gushing in one
metro station of China is presented in a case study. The results demonstrate the feasibility of B-RIES and its application

effectiveness.
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Introduction

In the past ten years, tunnel construction has presented
a powerful momentum for rapid economic development
worldwide. However, safety violations occur frequently in
tunnel construction due to various risk factors in complex
project environments (Zhang et al. 2014). On January 12,
2007, the Pinheiros station on Metro Line Four at San
Paulo’s Aquarium in Brazil collapsed, causing the death
of seven people (Schexnayder 2007). On July 6, 2010,
a tunnel collapse took place in Prague, Czech Republic,
causing a 15-meter-wide sunken pit (Thomas 2010). On
August 23, 2012, a metro tunnel line leak caused chaos
in Warsaw, Poland. Water flooded into the tunnel at the
planned Powisle station, causing considerable transporta-
tion problems in the already gridlocked city (Waltz 2012).
In China, the number of construction accidents in tunnel
construction is rising. On November 15, 2008, 21 people
were killed as a result of a road cave-in above a metro
tunnel under construction in Hangzhou (AFP 2008). At
the Shenzhen Metro construction, four accidents resulted

in thirteen deaths in 2009 (Elaine 2009). Also, on Decem-
ber 25, 2012, eight people were killed and five others hurt
in a fatal tunnel explosion in northern China’s Shanxi
province (Yu 2012). In general, tunnel construction en-
tails to a highly complicated project with large potential
risks, which can bring enormous dangers to public safety.

Above accidents have led to growing public con-
cerns about a prior risk identification and assessment in
relation to the tunnel construction safety. Risk identifica-
tion plays an important role in safety assurance process,
aiming to illustrate the potential safety risk/risk factors’
contribution to the occurrence of an accident (Zhang
et al. 2013). Critical potential risks and risk factors can
then be identified in order to assist project engineers in
determining critical safety checking points in the con-
struction stage (Zavadskas et al. 2010). Generally, the
frequently used methods can be divided into qualita-
tive and quantitative risk analysis tools, including safe-
ty check list (SCL), Delphi, Fault Tree Analysis (FTA),
Event Tree Analysis (ETA), Hazard and Operability study
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(HAZOP), and others (Seren et al. 2004). For instance,
Sejnoha et al. (2009) conducted a quantitative risk as-
sessment of the tunneling excavation process in a Czech
Republic tunnel project using FTA. Hong et al. (2009)
employed the ETA technique to provide a quantitative
risk evaluation in a tunnel project passed under the Han
River in South Korea. Based on these risk analysis tools,
in actual construction practice, some domain experts are
commonly invited to identify the potential safety risks
according to their expertise knowledge accumulated from
years of experience, where values of risk related param-
eters, served as input information, are first obtained by
reading the engineering drawing documents. However,
three deficiencies mainly exist in the current safety risk
identification process: (1) The domain experts’ expertise
is excessively relied due to a lack of autonomous infer-
ence capacity in the current approach. However, domain
experts are generally considered as a scarce resource
unable to provide universal consultation and real-time
guidance because of time constraints; (2) The process
of the engineering parameter extraction involves many
time-consuming and error-prone activities, especially in
reading engineering drawing documents, and therefore,
the accuracy and effectiveness of the risk identification
results can be significantly affected to some extent; and
(3) The expert knowledge is distributed in a scattered and
repetitive condition, leading to challenges in knowledge
acquisition. This paper aims to present an innovative ap-
proach of integrating Building Information Modeling
(BIM) and expert systems to address these deficiencies.
BIM is a digital representation of the building pro-
cess which can facilitate the exchange and interoperabil-
ity of project information management, and promotes a
collaborative process for the Architectural, Engineering,
Construction and Facilities Management (AEC/FM) in-
dustry. Compared to the conventional two-dimensional
(2D) drawings, BIM provides a more realistic and en-
riched model beneficial to all phases of the building life
cycle. BIM offers a geometrically accurate three-dimen-
sional (3D) representation, and the capability to affiliate
attributes and data to the components and objects inside
a model. The growing implementation of BIM provides
potential advantages for safety management in construc-
tion design and planning, and further facilitates the inte-
gration of construction safety and health practices. BIM
is one of the fastest-growing tools that has gained accept-
ance in the AEC/FM industry worldwide, offering new
means and approaches to improve inefficiencies of the
current paper-based processes (Ku, Mills 2010). BIM al-
lows various analyses during early design phases to en-
gage clients, and to support facility management and life-
cycle costs analyses. BIM can be applied for site hazard
prevention and safe project delivery. Hadikusumo and
Rowlinson (2002) illustrated that BIM-based design re-
view tools could be utilized to add safety hazards to 3D
geometry objects for hazards identification with the sup-
port of database systems. Hardin (2011) noted that the

implementation of BIM in construction practice promised
to improve the communication and collaboration between
participants through higher interoperability of data. Op-
portunities are identified to promote the safety with the
application of BIM by involving partners such as design-
ers, contractors, safety specialists and others.

Safety risk identification plays a core role in con-
struction safety management (Zavadskas et al. 2010),
and is very difficult given the complexity and size of
the building systems designed. In regard to the tunnel
construction, the project safety risks are related to many
influential factors, such as structures, construction tech-
niques, geological and hydro-geological conditions. In
general, how to calculate and identify the potential safe-
ty risk in construction projects remains a challenging
problem, since various factors are involved, especially
in tunnel construction. Expert Systems (ESs) technique
provides a powerful tool for knowledge integration and
autonomous inference mechanism (Martin et al. 2012).
ESs are designed to solve complex problems by knowl-
edge-based reasoning like a human expert, which can
be used to significantly reduce dependence on domain
experts. With its strong inference capacities, ESs have
been widely applied in knowledge management, auto-
matic fault diagnosis (Wu, Liu 2009), intelligent traffic
management (Wen 2010), and other fields in the past two
decades. This paper therefore investigates the possibility
of merging BIM and ESs to provide an alternative way
to conduct the autonomous safety risk identification in
tunnel construction, aiming to provide a solution to the
aforementioned deficiencies and shortages. In this paper,
a BIM-based Risk Identification Expert System (B-RIES)
for tunnel construction, mainly consisting of three built-in
subsystems: namely BIM extraction subsystem, knowl-
edge base management subsystem, and risk identification
subsystem, is developed. B-RIES is used to systematize
the fragmented knowledge and facilitate the knowledge
sharing and communication among dispersed clients and
domain experts. Finally, a typical safety hazard in the
Mingdu Station in the Wuhan Metro Line Two of China
is presented as a case study. The results demonstrate the
feasibility of B-RIES, as well as its application potential.

This paper is organized as follows. In Section 1, an
integrated knowledge base is established to systematize
the fragmented explicit and tacit knowledge. In Section 2,
the system framework of B-RIES and its inference mech-
anism are proposed. In Section 3, B-RIES is applied for
safety risk identification in a tunnel case. The conclusions
are drawn in Section 4.

1. Knowledge-enabled construction safety
management

1.1. Knowledge resource

The tunnel construction safety management is considered
as a complex system, and various influential variables, in-
cluding technical, geological and environmental factors,
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are involved. Therefore, the traditional theory-based and
analytical methods cannot exactly illustrate the complex
interaction among various variables. In this situation, the
prior expert knowledge and previous cases can provide
a wealth of knowledge resources for safety risk analysis
and identification. With the development of tunnel con-
struction practice worldwide, large amounts of scattered
knowledge are accumulated, including explicit and tacit
knowledge. Sherehiy and Karwowski (2006) noted that
both explicit and tacit knowledge was equally important
in knowledge base construction, and a balance of both
was a major factor in developing an effective knowledge-
based system. During the knowledge base construction
process, knowledge acquisition plays a very important
role, aiming to obtain relevant knowledge from the accu-
mulated knowledge resources. This involves developing
new knowledge content and updating old content through
socialization, externalization, internalization, and combi-
nation. Risk mechanism analysis makes efforts to reveal
potential risks/risk factors and their causal relationships,
providing a theoretical basis for the knowledge acquisi-
tion. To be specific, the risk factors of a specific risk can
be acquired from the following two types of knowledge
resources:

(1) Explicit knowledge. Explicit knowledge stands
for the knowledge resource which can be easily
codified and transmitted between individuals in
documented and organized forms, such as stand-
ard specification, technical manuals and research
reports (Sherehiy, Karwowski 2006). The initial
risks and their factors can then be achieved by
means of knowledge structuralization, expres-
sion and explanation. Taking the hazard of “water
gushing at foundation pif” as an example, accord-
ing to the standards, the water gushing hazard re-
fers to an accident that occurs after the loose soil
granules have been saturated by the underground
water and when hydrodynamic pressure is equal
to or greater than submerged unit weight of soil,
with the existence of water head difference. Con-
sequently, the terms or keywords concerning the
specific risk “water gushing at foundation pit” can
be preliminarily achieved, as described in italics.

(2) Tacit knowledge. Tacit knowledge stands for the
knowledge resource that is generally developed
by an individual through years of working ex-
perience. Dialogues and communications among
individuals are basic means of knowledge shar-
ing. Therefore, questionnaires, depth interviews
and group decision-making methods can be used
to reveal the potential risks and their risk factors.
Also, numerous scholars built simulation models
for the safety analysis, providing valid reference
for the relation discovery within various risks
(Ding et al. 2011). Accordingly, the parameters of
the simulation models can also be added as extra
risk factors.

1.2. Knowledge base construction

Regarded as a core of an expert system, the knowledge
base contains a summary of expert expertise and guide-
lines, and can be used to implement the intellectualized
control system by providing practical supports to the
identified problems (Cheung et al. 2004). In this research,
an integrated knowledge base is established, consisting of
the fact base, rule base and case base.

(1) Fact base. The fact base is used to store values
of each risk factor, including the fact code, attribute and
credibility factor (CF(e)). Different values of a risk re-
lated parameter lead to the different credibility degree of
the factor being considered as the evidence in accidence
occurrence, represented by CF(e). CF(e) takes a value of
zero when the evidence is completely unreliable, while
CF(e) takes a value of one when the evidence is com-
pletely reliable. The more difficult to become the evi-
dence, the smaller the value of its CF(e). Based on the
characteristics of safety related factors in tunnel construc-
tion, factors are divided into two types, namely certain
and uncertain factors. To be specific, the certain factor
refers to the risk factor which has discrete values, and
therefore its fact CF(e) is a discrete value; the uncertain
factor refers to the risk factor which has interval values
due to randomness, fuzziness and greyness, and therefore
its fact CF(e) can be represented by a sectional function.

(2) Rule base. In tunnel construction, most of the
safety-based knowledge is empirical, associated with
characteristics, such as diversity, hierarchy and uncer-
tainty. The production rule “IF (premise) THEN (conclu-
sion)” provides a powerful tool for the representation of
empirical knowledge and reasoning under uncertainty.
The production rule as seen in Eqn (1) is adopted for the
rule representation, with the hierarchy and uncertainty of
rules taken into account. The causal relationship between
the premise (e) and the conclusion (%) is represented by
Eqn (2), where A stands for the rule threshold. The rule
can be activated if and only if rule evidence CF (e) >A.
Generally, A is defined to range from 0.5 to 1.0, depend-
ing on the importance of the project. The rule credibility
CF (h, e) with a scope of [0, 1], is related to the credibil-
ity degree of the rule, and can be calculated by Eqn (3):

If e Then h (CF(h, e), L), (1)

CF(h) = CF(h, e)xCF(e) ¥ CF(e)>2;  (2)

PAlOLE) b5 P
crihey= _
o P(h|e)< P(h) , (3)

where: P(h) stands for the prior probability of the conclu-
sion &, and P(h, e) stands for the conditional probability
of the conclusion 2 when the premise e is true.
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(3) Case base. A large amount of accident cases are
accumulated in history, which can provides a basis for
risk identification in tunnel construction. By matching
the characteristics between a specific project and exist-
ing cases in the case base, the potential accidents can be
detected ahead of time. Compared with rules, we do not
need to build explicit rule models (see Eqn (1)) for the
case representation. Generally, the case base is an open
system, and easy to maintain. It is unnecessary to per-
form dependency and consistency checking work while
adding new cases into the case base (Ng, Luu 2008). To
facilitate the efficiency during the case matching pro-
cess, cases are required to be structured in accordance
with the characteristic of domain cases. Accident cases
in tunnel construction generally display the characteristic
of multi-level and multi-attribute. Accordingly, a case re-
cord should consist of various attributes, including Con-
struction project data (Cy), Accident data (C,), Problems/
Reasons (C3), Response & Solutions (C,), Accident con-
sequence (Cs), and Case application (Cg). Furthermore,
each attribute can then be further refined.

1.3. Knowledge database relations

Initially, either rules or cases are stored in text forms,
which are likely to result in inconvenient retrieval and
traversal operations in knowledge-based reasoning. With
simple structures, highly independent data and strong
description ability, the relational database can be widely
employed to store various kinds of knowledge. Therefore,
in order to improve data matching and reasoning efficien-
cy, rules and cases can be stored in a relational database,
and be retrieved by means of a structured query language.
Both rule and case premises are stored in the fact
table, aiming to ensure the consistency of terms in the
knowledge base. The rule premise table describes the
various states of risk factors. The rule table describes a
basic structure of a production rule such as “IF (premise)
THEN (conclusion)”, representing the relation between
the case premise and its conclusion. The case premise table
describes the various attributes of case characteristics. The
case table describes a structure of a case, showing the rela-
tion between case characteristics and their consequences.
The case consequence table describes the consequence of
the accident case, and provides explanation information
for the risk identification results and control measures.

2. Development of A BIM-based Risk Identification
System (B-RIES)

2.1. System framework

In order to facilitate knowledge sharing and communica-
tion among dispersed clients and experts during the safety
risk identification process, the merging of BIM and ESs
provides a full solution for the aforementioned deficien-
cies and shortages. Thus, a BIM-based Risk Identification
Expert System (B-RIES) is developed to systematize the
fragmented explicit and tacit knowledge in tunnel con-
struction. A simplified logical framework of B-RIES is

L. Zhang et al. BIM-based Risk Identification System in tunnel construction

T
BIM Extraction
bsystem (BES)

| Project Creation ‘

Element
ecognition

| IFC Browser ‘

Parameter Extraction

T
(Knuwledge Base Management
Subsystem (KBMS)

| Fact Base Management | | Parameter Input |

| Reasoning Workspace|

L Hybrid Reasoning J

| Interpretation Report |

| Rule Base Management |

| Case Base Management|

[ﬁcumentatlr‘n |
lanagement

Standard & Protocol Layer j}

| | | || |
Role-based Regulatory Securlty

| ‘ IFC Standard Access Protocols K Protocols Protocols |

[ gy g g g g g g S g g g g g S S |

rl_ Data Layer |

ORACLE

Prolect Base

MS SQL
JAVA > <Tomcat > Sorver
' ——

Fig. 1. Simplified logical framework of B-RIES

presented in Figure 1. B-RIES is a distributed multi-layer
system consisting of three main layers, namely Data Lay-
er, Standard & Protocol Layer, and Application Layer, as
illustrated as follows.

(1) Data Layer. B-RIES is developed in JAVA program-
ming language and running in the Tomcat container.
Mainstream data warehouses consisting of the Mi-
crosoft SQL Server and Oracle database system are
compatible with the system. In the meantime, four
built-in databases, namely Fact Base, Rule Base,
Case Base and Project Base, are used to provide
data support for the intelligence inference in the
overall safety risk identification process.

(2) Standard & Protocol Layer. This layer provides a
unified platform solution for the data communica-
tion, processing and interface between the system
and external environments using four main types of
protocols. To be specific, the Industry Foundation
Classes (IFC) standard is employed to extract the
information of model components from the input
BIM of a specific project. The role-based access
protocols aim to set up authorities among dispersed
clients, experts and maintainers. The regulatory and
security protocols are used to ensure the security
of the network environment, resisting threats from
external attacks.

(3) Application Layer. This layer provides all functions
and services for the system application, mainly con-
sisting of three subsystems: BIM Extraction Sub-
system (BES), Knowledge Base Management Sub-
system (KBMS), and Risk Identification Subsystem
(RIS). B-RIES is a Browser/Server (B/S) system.
Particularly, BES aims to extract the engineering
parameters of BIM models; KBMS aims to acquire,
represent, store and update the risk-based knowl-
edge in tunneling fields; and RIS is used to calculate
the risk occurrence probability, and propose control
measures in real time. Each subsystem is further
composed of o four function modules.
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2.2. Safety risk identification process

B-RIES can be used to determine construction safety risks
automatically, as well as corresponding control measures.
In general, B-RIES will go through the following three
steps during the safety risk identification process, as seen
in Figure 2.

Step 1. Engineering parameters extraction

IFC is a schema developed to define an extensible
set of consistent data representations of building infor-
mation for exchange between AEC/FM software applica-
tions. All IFC models provide a common general building
spatial structure for the layout and accessing of building
elements, which can be used to organize all object in-
formation into hierarchy of Project-Site-Building-Storey-
Space. BIM is considered as an information carrier of
engineering parameters which are related to construction
safety risks, and the IFC standard plays a bridge role be-
tween BIM models and construction safety risks. When
BIM models of a specific project are first input into
B-RIES, the IFC standard is employed to extract the in-
formation of model “components”, including geometry,
property and relation information related to engineering
parameters. Then, the parameter information is export-
ed in the Extensible Mark-up Language (XML) format
which is compatible with B-RIES. In the meantime, the
recognition results of “components” saved in XML for-
mats are in correspondence with the fact base. When the
results are matched with the fact base, the “components”
in XML files corresponds with Column “fact name” in
the risk fact table. Consequently, the fact base is matched
to calculate evidence credibility CF(e) of the risk related
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engineering parameters. In this way, B-RIES can extract
original and objective engineering parameters from BIM
models automatically, improving the efficiency of human
reading engineering drawings to a large extent.

Step 2: Knowledge reasoning mechanism

The knowledge reasoning mechanism endows
B-RIES with artificial intelligence. Generally, the rea-
soning in an expert system consists of two approaches,
namely rule-based reasoning (RBR) and case-based rea-
soning (CBR). RBR is known as a reasoning technique
with powerful deductive inference capabilities, and can
be employed to deal with complicated realistic problems,
such as goal programming, scheduling and budgeting
(Arch-int, N., Arch-int, S. 2013). However, a RBR sys-
tem is required to traverse the entire rule base during eve-
ry reference process, leading to long retrieval time and
low efficiency in rule retrieval, especially when the rule
base is very large (Lee 2008). In contrast, a CBR system
attempts to seek an approximatively similar case using an
analogous reasoning technique, and then make a corre-
sponding adjustment for problem solving. The reasoning
process in CBR is fast and efficient at the expense of in-
depth analysis (Kumar et al. 2009). Also, a CBR system
has self-learning and self-improvement ability by adding
new cases continually as the system grows. However, due
to a lack of deductive inference capacity, the CBR system
has deficiencies in conformity with strict logical infer-
ence, leading to poor interpretability of reasoning results.

In tunnel construction, complex interactions exist
among various risk factors, and contribute to the high
level of safety violations. This produces a high demand
for both rule-based and case-based knowledge during the
risk identification process. The integration of RBR and
CBR techniques provides a possible solution to the above
dilemma. It is also beneficial to improve the flexibility
and comprehensiveness of system reasoning capabilities
simultaneously. Thus, a hybrid reasoning approach com-
posed of four main sub-steps is proposed in B-RIES as
follows:

(1) CBR: Initially, various historical safety-related
cases in tunnel construction projects are accumulated
and stored in the case base. The objective of CBR is to
find out the most similar case as the target case from the
case base. At first, the risk related information regarding
engineering parameters is obtained from BIM, and then
entered into B-RIES as evidence input. Then, some op-
tional cases are selected after being matched with the case
base. Finally, the target case is obtained if and only if the
similarity is less than the given threshold v, as seen in
Eqn (4). Assuming each case has 7 attributes to describe
the information of engineering parameters, the specific
project is denoted by E = (CF(e;), CF(ey), ... , CF(ey)),
and one optional case is denoted by C= (CF(c;), CF(c,),
... , CF(c,)). Herein, CF(e;) (or CF(c;)) stands for the
credibility factor of ith parameter for the specific project
(or the optional case) while being matched with the fact
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base. The Euclidean distance, which is usually used to
measure the similarity, is used to calculate the similar-
ity between E and C. As seen in Eqn (4), w; stands for
the weight of ith parameter based on the expert estima-
tion and construction practice. The threshold v is usually
given a value ranging from 0 to 0.5:

Similarity (E, C) = \/i w[CF(e))-CF(c))] <w

i=1,2,..,n 4)

(2) RBR: RBR is also incorporated into the knowl-
edge reasoning mechanism, aiming to find out valid rules
which can then be executed in the following reasoning
process. At first, some optional rules are selected from
the rule base by means of rule matching. Next, the valid
rule is determined if and only if CF(e) is greater than the
given threshold A. In general, the premise evidence e is a
combination of risk factors ¢; (i = 1, 2, ..., n), including
disjunction, conjunction and weight combinations. Ac-
cordingly, CF(e) is calculated by Eqns (5)—(7), respec-
tively. Finally, the valid rule is executed to calculate the
credibility degree of the conclusion of the safety related
risk using the former Eqn (2):

CF(e;V e,V ... Ve, =max(CF(e}), CF(ey),
..., CF(e,)); (5)

CF(e; Ney/\ ... \ey) = min(CF(e;), CF(e,),
..., CF(e,)); (6)

CF(ey(w))Ney(wy) ... Ney(wy)) =
> x CE(e,). %

(3) Expert feedback. As seen in Figure 2, two ap-
proaches, CBR and RBR, are included in the knowledge
reasoning mechanism. Thus, the result calculated by one
approach can be testified by the other. However, when the
results are not consistent between these two approaches,
domain experts should be involved to solve the problem
by adding new rules or cases. Besides that, existing rules
stored in the rule base might be modified according to
actual situation. At the same time, the verified projects
can also be added into the case base as new cases. With
a continuous growth of the case base and rule base by
means of the self-learning capability in B-RIES, the ac-
curacy and reliability of the system inference mechanism
will be continuously improved with development of the
system application.

(4) Reasoning strategies. As aforementioned, the
RBR approach can reduce the inference efficiency, es-
pecially when the scale of the rule base is very large. In
order to keep a balance between the high efficiency and
accuracy, the reasoning strategies are worked out in ac-
cordance with the phase of the system application. To be

specific, in the initial stage of the system application, the
size of rules (or cases) stored in the rule base (or case
base) is relatively small due to a lack of sufficient data.
Also, the reliability of the initial rules needs to be veri-
fied and improved by comparing with real cases. Thus,
RBR and CBR can work in a parallel way in this situ-
ation, contributing to expand the scale of the integrated
knowledge base by means of expert feedbacks. When the
knowledge base grows larger, these two approaches can
work in a serial way for the consideration of space-saving
in computation. Generally, CBR can be activated ahead
of RBR, in order to avoid the low efficiency in rule re-
trieval. Once the target case is not reached in CBR, the
RBR would then be activated.

Step 3: Risk analysis and control

Based on the calculated results through the knowl-
edge reasoning mechanism, the safety related risk anal-
ysis and control measures can then be worked out. As
indicated by Ding et al. (2012), the safety risks can be
divided into three categories, namely technical, geologi-
cal and environmental risks, as shown in Figure 2. Par-
ticularly, in order to evaluate the degree of the identi-
fied safety risk, during the CBR approach, the degree of
the identified risk is equal to the risk level in the target
case. At the same time, during the RBR approach, the
conclusion credibility CF(k), which can be calculated by
Eqn (2), is used as an indicator for the risk evaluation.
With regard to CF(h) with a range of [0, 1], we divide its
calculated value into the following four levels, namely
“I (Safe, [0, 0.25)), I (Dangerous, [0.25, 0.5)), 111 (Very
Dangerous, [0.5, 0.75)) and 1V (Extremely Dangerous,
[0.75, 1.0))”. These four levels are defined by four dif-
ferent colors, namely, “Green, Yellow, Orange and Red”,
respectively. According to the risk identification results,
some corresponding safety control measures can then be
determined, and early-warning signals can be released in
a visualization scenery.

3. System application

Wauhan is the largest city in central China with a popu-
lation of 10.22 million (2013 data) (Statistics 2013). In
order to relieve the pressure of urban traffic jam across
the Yangtze River, the construction of Wuhan Metro
Line Two (WMLT) formally started on August 28, 2006.
The 27.7 km route, with 21 stations and a total invest-
ment of nearly US $3.2 billion, passed underground on a
northwest-southeast alignment between the Hankou and
Wuchang districts. The route map of WMLT is shown in
Figure 3. Affected by complexities in construction environ-
ments, high potential safety risks existed during the drilling
progress of WMLT. In this section, B-RIES is applied to
identify safety risks at the pre-construction stage of tunnel
construction, aiming to provide guidelines for safety as-
surance at the construction stage. A case in relating to one
metro station, Mingdu Station (see the left region in Fig. 3),
was presented in this paper for the system application.
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3.1. Project profile

The Mingdu Station is an underground 2-story station.
This station was started on November 26, 2008, with
an outline length of 241.3 meters, an average width of
18.88 meters, and a total floor area of 11932.1 square
meters. A foundation pit with a depth of around 15 me-
ters was excavated using the cut and cover construction
method. The aerial view of the BIM model of Mingdu
Station is shown in Figure 4. The retaining structure was
composed of bored piles and jet grouting piles. Two high-
rise buildings were adjacent to the deep foundation exca-
vation, specifically, the Baoli Huadu Building was located
in the north of the foundation pit, while the Tibetan Mid-
dle School was located in the south. The excavation space
was limited due to the narrow working site. The working
site of the foundation pit excavation of the Mingdu Sta-
tion is shown in Figure 5.

Fig. 5. Working site of the excavation of the Mingdu Station:
(a) steel support; and (b) foundation pit
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Table 1. Safe risk identification results at the Mingdu Station

Risk type

Risk
code

Rule
code

Risk
description

Conclusion
credibility
CF(h)

C.101

R1-26

Water
gushing at

0.608

foundation
pit
Instability
of retaining
structure

C.105 RI-13 0.466

Technical risk

Instability
of steel
structure

C.109 RI1-25 0.256

Instability
of support
system

C.113 RI1-30 0.216

Harmful
geological
conditions
within the
scope of
excavation

Geological | »)3 Ro16 0.206
risk

Underground
pipe
cracking and
seepage

Environmental

risk C.309

R3-02 0.196

3.2. Safety risk identification

In accordance with the safety risk identification process
(as mentioned in Section 2) based upon the build-in sub-
systems of B-RIES (that are BES, KBMS and RIS), the
results of safety risk identification at the Mingdu Station
were conducted, as shown in Table 1. There were six
safety risks that had been identified. To be specific, one
risk (that is C.101) was rated in a level of Il (Very Dan-
gerous), since CF(h) of this risk fell to a range of [0.50,
0.75]; two risks (that are C.105 and C.109) were rated in
a level of Il (Dangerous); and three risks (that are C.113,
C.203 and C. 309) were rated in a level of I (Safe). In this
case, the top risk (that is “water gushing at foundation pit
bottom” (C.101)) was taken as an example to illustrate
the detailed computation procedures.

(1) Information extraction for engineering param-
eters. BIM (always in the format of Revit) of the Min-
gdu Station was first input into B-RIES. By means of
the IFC standard, when the BIM model was translated to
an IFC model, all the defined objects were composed of
the relevant object type and associated geometry, relation
and properties. Specifically, some risk related parameters
information can then be extracted and recognized from
the IFC files. Next, the recognition results were stored
in XML format files which can be read in the B-RIES
system. Finally, the engineering parameters information
saved in the XML files was matched with the fact base to
calculate fact credibility CF(e) of the risk related param-
eters. With regard to the risk of “water gushing at foun-
dation pit bottom”, the fact matching results for relevant
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Table 2. Fact matching results for the risk of water gushing

. Fact Fact
Fact code Fact description attribute  credibility
FID.025  State of retaining pile Not 10
(ep) embedded in rocks embedded )
FID.036  Water head difference im 0.6
(ep) of foundation pit )
FH()e' 1)00 Geological condition Silt 0.8
3
Reinforcement state
F“()e' 1)01 of foundation pit reinl\fl(()):ce d 1.0
4 bottom
FID.126  Embedded length 08 04
(es) ratio of bored pile ’ '
FID.128  Bed thickness of
(ee) foundation pit bottom >10 mm 0.6

risk factors are presented in Table 2. To be specific, some
risk factors were easy to be identified directly during the
BIM extraction process, such as the water head differ-
ence of foundation pit (e,), the embedded length ratio of
bored pile (e;) and the bed thickness of foundation pit
bottom (ez). However, the information in relating to the
other risk factors can be extracted through certain inter-
mediaries. Taking the state of retaining pile embedded in
rocks (e;) as an example, the strata at the bottom of the
retaining pile acted as an intermediary, and its properties
were first extracted. If the bottom strata was identified to
be the rock, it meant that the retaining pile was embedded
in rocks, and then the fact credibility of CF(e;) should
be recognized to be 1.0 consequently. Otherwise, the fact
attribute should be termed “Not embedded”, and then the
fact credibility of CF{(e;) should be recognized to be 0.
(2) CBR approach. According to the extracted risk
related parameter information (see Table 2), the case base
was matched until the target case was figured out during
the case retrieval. Eqn (4) was used to compare the simi-
larity between the specific case and the potential target
case. With regard to the risk of water gushing, the target
case was identified to be the Guicheng Station, since the
similarity between the specific project and the target was
calculated to be 0.192 (that is less than the given thresh-
old v = 0.3). The case matching result is presented in
Figure 6. Actually, the Guicheng Station was one station
of the Guanzhou metro systems in Guanzhou, China. On
July 31, 2008, great quantities of water swarmed into the
Guicheng Station under construction, resulting in serious

Table 3. Rule matching result for the risk of water gushing

E=3ICF(ei)

0.192 (1111 CF(ci)

Similarity (E, C

—
]

0.8 4

=4
o
1

AR RRRR

Fact credibility

o
P
)

0.2+

RN RRRR AR AR

AR RRR D

[T

0.0

T
FID.025 FID.036  FID.100  FID.101 FID.126  FID.128

Fact code

Fig. 6. Case matching result for the risk of water gushing

ground subsidence and construction delay. The hazard
level of this accident was evaluated to be a level of I1I dur-
ing the accident investigation. Based upon the causal rela-
tionship and control process of that accident in the target
case, the project engineers can have a deep understanding
of the potential safety risk at the Mingdu Station. Also, the
risk level and some relevant safety control measures can
be conducted.

(3) RBR approach. Based on the aforementioned
procedures in the RBR approach, the rule base was first
matched to select suitable rules. It is known that work-
site type was “station” (represented by No.10) while the
construction method was “cut and cover” (represented by
No. 1110). Table 3 listed some optional rules for the risk
of water gushing. Using Eqns (5)—(7), CF (e) of R1-11
and R1-14 was less than the threshold A, therefore both
were discarded. Next, CF (e) of R1-26 was calculated to
be 0.76 as follows:

CF (e) = 1.0x0.2 + 0.6x0.2 + 0.8x0.25 +
01.0x0.3 + 0.4x0.1 + 0.6x0.1 = 0.76.

Thus, CF (e) > A = 0.5, indicating that the rule R1-26
was valid. Accordingly, Eqn (2) was used to calculate the
conclusion credibility as follows:

CF (h) = CE(h, )xCF(e)=0.76x0.8 = 0.608.

As a result, the risk of “water gushing at foundation pit
bottom” was rated at a risk level of III (Very dangerous).

Rule Rule premise description Worksite ~ Construction Rule Threshold

code p P type method credibility A
R1-11  —FID.025V —FID.036\ —FID.101 10 1110 0.5 0.9
R1-14  FID.025/A\FID.036 /AFID.100 AFID.101 AFID.126 AFID.128 10 1110 1 0.8
R1-26 FID.025(0.2) AFID.036(0.2) AFID.100(0.3) AFID.101(0.1) A\ 10 1110 08 05

FID.126(0.1) AFID.128(0.1)
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Risk Report
Results
Risk Type | Technical risk [ CF(h) | 0.608/Level Il
Risk Code | C.101 1. Retaining piles: Not embedded
Fl A at fourdat £ 2. Water head difference: 3m
Risk awing sanc S ouncaion pr Risk | 3-Geological condition: Silt

e an accident that occurs after the 4. Foundation pit: Not reinforced

Description | o0se soil granules have been Factors L RN

5. Embedded length ratio: 0.8

saturated by underground water | 6. Bed thickness: 510mm

Possible Consequences

1. Instability of retaining structure
2. Instability of steel structure
3. Casualties of workers

Control Measures

1. Retaining piles should be embedded into rocks
2. Reduce the water head difference
3. Reinforce the bottom of the foundation pit

Fig. 7. Report of the water gushing risk at the Mingdu Station

(4) Risk identification and report. The results can be
testified when RBR and CBR worked in a parallel way.
In this case, the results were consistent between these two
approaches. The safety related risk analysis and control
measures can then be determined, including the risk type,
description, location, possible consequences, risk level
and control measures. The report of the risk of “water
gushing at foundation pit bottom™ at the Mingdu Station
is shown in Figure 7.

3.3. Implementing effects

According to the risk identification results from B-RIES,
the contractor strictly implemented the work of dewater-
ing on the working site during the construction stage,
controlled the water head difference between the inside
and outside of the foundation pit and reinforced the foun-
dation pit bottom so as to reduce risk limit. Also, emer-
gency supplies, equipment and personnel were prepared
in advance to cope with the risk events which were very
likely to occur.

On September 14, 2009, a risk event of water gush-
ing was witnessed at the Mingdu Station, as shown in
Figure 8a. The volume of the gushing water was small,
and its impacts on the safety of nearby retaining piles and
adjacent buildings were limited, since some prevention
measures were adopted ahead of time. Subsequently, a
precipitation well was built up at a location of the wa-
ter gushing, and continued to be effective until the main
structural work of the Mingdu Station was completed, as
shown in Figure 8b. As a matter of fact, with effective
safety control measures implemented, the construction of
the Mingdu Sation went smoothly, and no accidents oc-
curred during the excavation construction process. Final-
ly, the main underground structural work was completed
on schedule on August 9, 2010.

Conclusions

This paper describes an innovative approach of integrat-
ing BIM and ESs to address deficiencies in traditional
safety risk identification process in tunnel construction.
Composed of three main built-in subsystems, namely

Fig. 8. Risk event of water gushing at the Mingdu Station: (a)
location of water gushing; and (b) a precipitation well

BIM extraction, knowledge base management and risk
identification subsystems, B-RIES is developed to pro-
vide real-time support for decision making in the tunnel
risk management through the BIM system. In general,
the computerized construction safety risk identification
mainly consists of three steps: (1) Engineering parameter
information related to risk factors should be first acquired
from BIM models of a specific project, where the IFC
standard acts as an intermediary between the BIM data
and risk related information; (2) An integrated knowledge
base, composed of fact, rule and case bases, is built up to
systematize the fragmented explicit and tacit knowledge
for knowledge sharing and communication among dis-
persed clients and domain experts; and (3) A hybrid rea-
soning approach with CBR and RBR combined can be
used to improve the flexibility and comprehensiveness of
the system reasoning capacity. Finally, the results of safety
related risks and their occurrence probability and control
measures can be achieved in real time. B-RIES can be
used by practitioners in the industry as a decision support
tool by providing guidelines on risk assessment and man-
agement in tunnel construction, and thus increase the like-
lihood of a successful project in a complex environment.

Due to the efforts of all participants and the imple-
mentation of the developed system B-RIES, no accidents
occurred during the construction of the WMLT. Thus, this
system has proven to be an attractive potential replace-
ment for the conventional expert-based approach in safety
risk identification process. In the past, only experienced
engineers/experts were able to identify potential safety
risks, and aware of the unexpected dangerous situations
and accidents. One benefit of the developed system in this
research is that the dependence on domain experts can be
reduced, and the knowledge sharing and communication
in construction management among dispersed clients and
domain experts can be facilitated. Furthermore, the low-
efficiency in traditional information extraction from 2D
drawing documents can be improved, regarding the BIM
techniques are involved and implemented in the devel-
oped system.

The developed B-RIES also has some limitations. A
large number of rules serving for safety risk identification
were obtained from domain experts for the system de-
velopment. Numerous domain experts participated in the
collection, editing, reorganizing work of the safety related
knowledge resources, making an essential contribution
to securing a qualified rule base for the development of
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B-RIES. However, this process was laborious and suscep-
tible to human error. Our subsequent research goal will
focus on automatic knowledge acquisition regarding dif-
ferent knowledge resources, as well as adopting a Rough
Set (RS) approach to develop a real-time system for data
processing and decision rule generation.
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