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RISK IDENTIFICATION EXPERT SYSTEM FOR METRO CONSTRUCTION BASED ON BIM
ABSTRACT

This paper presents a BIM-based Risk ldentificatiexpert System (B-RIES) for metro
construction, composed of three main built-in sgbmys: BIM extraction, knowledge base
management, and risk identification subsystems. drfggneering parameter information related to risk
factors is extracted from the BIM of a specific jpat where the IFC standard plays a bridge role
between the BIM data and metro construction safekg. An integrated knowledge base, consisting of
fact base, rule base and case base, is establishegstematize the fragmented explicit and tacit
knowledge. A hybrid inference approach, with caasell reasoning and rule-based reasoning included,
is developed to improve the flexibility and compeakiveness of the system reasoning capacity. During
the safety risk identification process, B-RIES ldeato improve the inefficiencies in engineering
information extraction, reduce the dependence anaito experts, and facilitate knowledge sharing and
communication among dispersed clients and domagieréx A typical safety hazard identification ire th
Mingdu station, located in the Wuhan Metro Line Twse presented in a case study. The results
demonstrate the feasibility of B-RIES, and its éggilon potential. B-RIES can be used as a decision
support tool to provide guidelines for safety masragnt in metro construction, and thus increase the
likelihood of a successful project in a complexiemvment.
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INTRODUCTION

In the past ten years, metro construction has ptedea powerful momentum for rapid economic
development worldwide. Owing to various risk fastoan complex environments, safety violations occur
frequently in metro construction and bring enormbiggien dangers for the public safety (Waltz, 201i2;
2012). Many safety hazards have led to the growungic concern for a priori risk assessment intietato
the metro construction safety (Abdelgawad & FaygK,0).

In the actual construction industry, the commorctica is to expect the domain experts to identify
the safety risks on a basis of engineering drawiAgéirst, values of risk related parameters, seras input
information, are obtained by reading the engineedrawings. Then, based on the prior knowledgeexeti
from standards, technical reports, literaturesarstruction experience, the domain experts makartsfto
carry out the results of hazard identification feamfety assurance. However, there mainly exist three
deficiencies during the current safety hazard ifieation approach as follow: (1) The knowledgeatel to
hazard identification in the literatures and techhidocuments is not systematically organized anaastly
in a scattered and repetitive condition, which éages the difficulty for knowledge acquisition; 2)e above
mentioned methods excessively rely on the domaiers due to the lack of autonomous inference dgpac
Actually, the domain experts are generally congidesis a scarce resource which are not able tod@ovi
universal consultation and real-time guidance bgeaf time constraints (Cai & Xu, 2004); (3) Thegess
of the engineering parameters information extractiovolves many time-consuming and error-prone
activities, especially for reading engineering drags, which would significantly affect the accuraagyd
effectiveness of the final identification resul@ap, Li, & Liang, 2005).

Building Information Modelling (BIM) is considereds an emerging information technology that
promotes a collaborative process for the ArchitedflEngineering, Construction and Facilities Magragnt
(AECFM) industry.. Compared to the conventional #mensional (2D) drawings, BIM provides a more
realistic and enriched model, and is beneficiabliophases in the building life cycle (Zhang, Tejzkee,
Eastman, & Venugopal, 2013). On the other hand,Bkgert Systems (ES) technique provides a powerful
tool for knowledge integration and autonomous iefee mechanism (Martin, Ledn, Luque, & Monedero,
2012). ESs are designed to solve complex problgmedsoning about knowledge like an expert, whielps
to significantly reduce dependence on the domapees in actual construction practices. Combinimese
two techniques together provides a full solution tlee aforementioned deficiencies and shortageshitn
paper, a BIM-based Risk Identification Expert Syst@-RIES) for metro construction is developed, mhai
consisting of three built-in subsystems: BIM Extrae Subsystem, Knowledge Base Management Subsystem



and Risk Identification Subsystem. B-RIES attenmptsystematize the fragmented knowledge and fatelit
the knowledge sharing and communication among dispeclients and domain experts. A typical safety
hazard in the Mingdu station that is one statiothi; Wuhan Metro Line Two is used for a case stithg
results demonstrate the feasibility of B-RIES, &l as its application potential.

RELATIONSHIPSBETWEEN BIM AND METRO CONSTRUCTION SAFETY RISKS

Metro construction is characterized as a highly jgliwated project with large potential risks, which
integrate multiple designing disciplines, sub-pctge and sub-project interfaces (Gambatese, Behm, &
Rajendran, 2008). Information technology has prowebe crucial to the success of a project by éffety
controlling the safety risks. Information flow frodgesign to construction is critical and, when edintly
controlled, it allows for design-build and otheteigrated project delivery methods to be favoredv Bs
regarded as the information carrier of engineedhgracteristics, structure design and structuralagigns.
The information concerning structural componentilaites, constraint relations, the interaction bé t
structure and the surrounding environment, constnud¢echnical information, is all covered in a Bibdel.
Most metro construction safety risks are closellatesl to this engineering information, and thus the
experienced experts and engineers can identify r@sid risk factors through reading the conventi@ial
engineering drawings. However, BIM itself cannoentfy the potential safety risks due to the ladk o
inference capacity, but can provide the relatedrmition needed in the risk identification process.

The Industry Foundation Classes (IFC) standard een developed as an open standard for
common data structures on information capturing amdhange (Model, 2008). The IFC standard is
supporting building elements, material, propertgsometry and placements, addressing the broac sufop
building design, engineering, construction, andragen. IFC provides an extensive set of generitding
object types, such as beam, column, wall, slab,veith associated attributes and other properBesides
that, IFC also offers numerous shape definitionhmé$ and means to depict relations between objéhts.
intended role of the IFC is to depict all infornmatiassociated with a building through constructemd to
support exchanges of this range of information.

Integration of the open IFC standard into BIM, atsfled Open BIM, seeks solutions to improve the
productivity and efficiency of the building procelsg enabling interoperability between AEC/FM andvBl
software applications. From the respective of IRGdul BIM, all the building components are derivgd b
IfcProduct entities! The IfcProduct entity stands &n abstract base class, consisting of sevenadribd
entities organized into an object-based inheritdriesarchy. The entities aim to define the geornatnnodel
of the building components, including the physichjects (walls, beams, panels and columns, etos)raxct
objects (relationships, types, groups, etc.), aateral objects (concrete, steel, etc.). Thoserimé&ion are
stored in open formats, making them accessibleraadable for anyone, and not locked into propnetar
software formats. In this way, the risk relatedomfiation concerning the engineering parametersbean
obtained from the construction BIM.

Metro construction risk is defined as the potentiatertainty causing economic loss, construction
delay, human injury, and environment damage inmtie¢ro construction. The key to the risk identifioat
process is to identify risk events and their rigktbrs, and their mutual relationships. Safetysrigie related
to many influential factors in metro constructiamjects, such as station/tunnel structural forngstruction
techniques, geological and hydro-geological condgiand circumjacent environments. According toglen
al. (2012), safety risks in metro construction t@ndivided into three categories: technical, geickdgand
environmental risks. Accordingly, the informatiooncerning (1) construction technology; (2) geolagic
conditions; and (3) surrounding environment, igaoted from BIM where IFC plays a bridge role bedwe
the BIM data and metro construction safety risks.

SAFETY RELATED KNOWLEDGE MANAGEMENT IN METRO CONSTRUCTION

Historical safety-based knowledge resource proviaessive prior knowledge for safety identification
metro construction. Unlike the traditional compupeogramming, the knowledge base is unique andspday
core role in an expert system. In this researclintgrated knowledge base, consisting of fact brade base
and case base, is established to systematizeatp@énted knowledge in metro construction.

Risk mechanism analysis and knowledge acquisition

During the knowledge base construction processwledge acquisition is the first step in an effort
to identify relevant knowledge from the accumulasadety-based knowledge resources. This stageviesol
developing new knowledge content and updating ofohtent through socialization, externalization,
internalization, and combination (Alavi & Leidn@0Q01). Anecdotal evidence suggests that the orghois
could typically excel at this phase of the knowledganagement, particularly in the construction stidu
where the knowledge storage and disseminatiomaf@dient and problematic (Hallowell, 2012). Fazard



identification in metro construction, the risk fact of a specific risk can be acquired from théofeing two
types of knowledge resources:
® Explicit knowledge. Explicit knowledge refers toettknowledge resource which can be easily
codified and transmitted between individuals inwoented and organized forms, such as standard
specification, technical manuals and research tep&volution rules within potential risks and
their risk factors can be clearly understood omsiof this type of knowledge.
® Tacit knowledge. Tacit knowledge refers to the klemlge resource that is generally developed by
an individual through experience. Dialogues and mamications among individuals are the basic
means of knowledge sharing. Therefore, questioandepth interview and group decision making
method can be adopted to reveal the potential dskistheir risk factors. Also, numerous scholars
built simulation models for the safety analysigpding valid reference for the relation discovery
within various risks (L. Y. Ding, Wu, Li, Luo, & Zbu, 2011; Ma, Luo, & Chen). Accordingly, the
parameters of the simulation models can also bedhdd risk factors.

Fact base

Different values of a risk related parameter leathe different credibility degree of the factoiirize
considered as the evidence in accidence occurrégheemore difficult to become the evidence, thelEmés
credibility factor (CF) is. Fact base is utilizeal $tore the value of each risk factor, including fact code,
fact attribute and fact CF.

The range of risk factors can be divided into diserand continuous values. For a risk factor with a
discrete value, its fact CF is a discrete valudiriathe state ofRetaining pile embedded into rocfes)" for
an example, CK) is represented by "1" in thembedded into rockstate, otherwise as "0". While for a risk
factor with a continuous value, its fact CF canrbpresented by a sectional function, and the swltio
threshold value can be obtained from theoreticdtutations or empirical formulas in the mechanism
analysis. Taking the state dfVater head difference between the inside and auisida foundation pife,)"
for an example, the water head differerde a continuous value, and has a approximategalimelationship
with the evidence credibility af,. Therefore, the sectional function expressiondb(e,) is as follows:

0.2 X< 2m (1)
CF(e) = 0872402 m< x< 4m
0.8 X2 4m

Rule base

Existing knowledge representation methods consgiptedicate logic, semantic network, production
rule and frame method. Owing that the productiote ruF (premise) THEN (conclusion)" provides a
powerful tool for knowledge representation and oe#sy under uncertain environments, production rule
could be employed to describe the empirical knogdetbr safety risk identification. However, duette
lack of classification and relevance, this typgafduction rule is likely to cause combination egibn and
low reasoning efficiency. Therefore, an extendegrasentation of production rule as seen in Eq.ig2)
adopted into the rule representation, with thedridry and uncertainty of rules being fully consatkrThe
causal relationship between the prem&efd the conclusiorhy is represented by Eq. (3).
If e Then h (CFK(h, €, 1) (2
CF(h)=CF(h, €)xCF(e) Vv CF(e) > 1 3)
As seen in Eq. (3),4 refers to the rule threshold. The rule can bevat#d if and only if rule
evidence CFd) = 4. Generally, 4 is defined to range from 0.5 to 1.0, dependinghenimportance of the
project. The rule credibility CFh(€) with a scope of [0, 1], is related to the crdi@tipdegree of the rul¢Cai
& Xu, 2004)

Casebase

A large amount of cases related to accident evamiiscontrol response are accumulated, providing
prior knowledge for risk identification in metro mstruction. By matching the characteristics of ac#jc
project with cases in the case base, the potestizitient events that are possible to occur canetecttd
ahead of time. Compared to rules, we do not needrstruct explicit rule models as seen in Eqf¢R)ase
representation. Meanwhile, the case base is an oys@m, and easy to maintain. There is no nepdrform
dependency and consistency checking work whilerapddew cases into the case base.

To facilitate the efficiency during the case mamchprocess, cases are required to be structured in
accordance with the characteristic of domain caBkere are numerous methods for the case repréisenta
including feature vectors, object, frame, and ocatggrepresentation method. Accident cases in metro
construction generally display the characteristimalti-level, multi-attribute and diversificatioTherefore, a



combination of frame and category representatiothatecan satisfy the demand and be adopted farabe
representation. A complete case record consisastdbutes such as Construction Project D&, (Accident
Data (C,), etc. Each attribute can then be further refined.

DEVELOPMENT OF B-RIES

In order to facilitate knowledge sharing and comioation among dispersed clients and experts
during the safety risk identification process, thiegration of BIM and Expert System technique jules a
full solution for the aforementioned deficienciesdashortages. A BIM-based Risk Identification Exper
System (B-RIES) is developed to systematize thgnfiented explicit and tacit knowledge in the metro
construction. provides all the services for thaeaysapplication, mainly consisting of three subsyst: BIM
Extraction Subsystem (BES), Knowledge Base ManagerSebsystem (KBMS), and Risk Identification
Subsystem (RIS). The user interface of the sysgeseén in Fig. 1. With the support of B-RIES, théety
risks can be identified automatically without abantdmanual labors, together with the respondingrobn
measures. Generally, B-RIES would go through thieiang three steps during the safety risk idenétion
process, as seen in Fig. 2.
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Fig. 1--User interface of B-R-IES
Engineering parameters extraction

BIM is considered as the information carrier of iegring parameters which are related to safety
risks, and the IFC standard plays a bridge rolevéen the BIM and metro construction safety riskhew
BIM of a specific project, such as a metro statonstruction, is first input into the system, th&€Istandard
is employed to extract the information of model nedmts, including geometry, property and relation
information for the engineering parameters. Them pghrameter information is exported into the Extdas
Markup Language (XML) format which is compatibletiwithe system. In the meantime, the recognition
results saved in XML format are in correspondenih the fact base. When the results are matcheu tivét
fact base, "element" in the XML files correspondghwColumn "fact name" in the risk fact table.
Consequently, the fact base is matched to calcekitnce credibilityCF(e) of the risk related engineering
parameters. In this way, BES automatically extraciginal and objective engineering parameters fiii
models without the involvement of abundant manahbts, greatly improving the low-efficiency in réagl
engineering drawings in traditional cases.

K nowledge inference mechanism

The knowledge inference mechanism endows the B-RVES the artificial intelligence. Basically,
the inference mechanism in expert systems considiso approaches, namely rule-based reasoning JRBR
and case-based reasoning (CBR). RBR is known aasoning technique with powerful deductive infeeenc
capacity, and can be employed to deal with com@itaealistic problems, such as goal programming,
scheduling and budgeting (Kumar, Singh, & Sanya9). However, a RBR system is required to traverse
the entire rule base during every reference prodeasing to the problem of long retrieval time dod/
efficiency in rule retrieval, especially when thder base is very large. In contrast, a CBR systiemgpts to
seek the approximatively similar case using an agmls reasoning technigue, and then make a
corresponding adjustment for problem solving. Téasoning process is fast and efficient at the esen
in-depth analysis (Kumar et al., 2009). The CBRtamyshas self-learning and self-improvement abitify
adding new cases continually as the system opetdtsgever, due to the lack of deductive inferenapacity,
the CBR system has deficiency in conformity withicstlogical inference, leading to the problem afop
interpretability for the result.



In metro construction, complicated interaction ama@arious risk factors contributes to the high
level of safety violations. This produces a higimdead for both rule-based and case-based knowleaiiegd
the risk identification process. Combining RBR &BR techniques provide a solution for the aboveds#
is also beneficial to improve the flexibility andoroprehensiveness of system reasoning capacity
simultaneously (Dzeng & Lee, 2004). Thus, a hybei@soning approach composed of four main sub-$teps
adopted into B-RIES as follows:
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Fig. 2--Safety risk identification process in B-’HE
(1) CBR: Various historical safety related casesnietro construction fields are accumulated and

then stored in the case base. The objective of GB& determine the most similar case as the taass. At
first, the risk related engineering parameters rmggion obtained from BIM is entered into B-RIES as
evidence inputs. Then, the optional cases are teelexfter being matched with the case base. Fintéy
target case is achieved if and only if the simijais less than the given threshgldas seen in Eq. (4).

Assuming each case hasattributes to describe the information of engiimegmparameters, the
specific project is denoted Ii8=(CF(e,), CF(ey), ... , CF(e,)), and one optional case is denotedy(CF(c,),
CFK(cy), ... ,CK(cy)). Herein,CF(e) (or CF(c)) stands for the credibility factor @h parameter for the specific
project (or the optional case) while being matciwitti the fact base. The Euclidean distance, whsalsually
chosen as the similarity measure in the K-meargteing algorithm (Y. Ding, Krislock, Qian, & Wolkadcz,
2010), is adopted to calculate the similarity betmie andS. As seen in Eq. (4)y; stands for the weight dth
parameter based on the expert estimation and cetisin practice. The threshold is usually has a value
ranging from 0 to 0.5.

Similarity( E, C) = .Zl: w[ CH g- CK @TSI/" i=12,..,n 4)

(2) RBR: RBR is also incorporated into the knowledgference mechanism, aiming to figure out
the valid rules which can then be executed in thewing reasoning process. At first, the optionales are
selected from the rule base by means of rule magciNext, the valid rule is reached if and onl{CF(e) is
greater than the given threshdld In general, the premise evideneas a combination of risk factorg
(i=1,2,...,n), including disjunction, conjunction awdight combinations. AccordinglZF(e) is calculated by
Egs. (5)~(7), respectively. Finally, the valid ruke executed to calculate the credibility degreetlus




conclusion of the safety related risk using forfaqr (3).

CFeiVeV...Ve) =maxCF(ey), CF(ey),..., CF(ey)), i=1,2,...,n (5)
CF(ei A e\ ... Ae)) = min(CF(ey), CF(ey),..., CF(ey)), i=1,2,...,n (6)
CF(er(wy) N ex(Ws) ... Aen(Wy) = zi”:lwi xCF(e), i=1,2,...n @)

(3) Expert Feedback. As seen in Fig. 3, two appgresc CBR and RBR, are included in the
knowledge inference mechanism. Then, the resuttutated by one approach can be testified by theroth
However, when the results are not consist between the domain experts should be involved to sthee
problem by adding new rules or cases. In additioa existing rules stored in the rule base mightbelified
according to the actual situation. The verifiedjpcts can also be added into the case base asas®s.c
With the continuous growth of the case base arellvake by means of this self-learning capacity-RIBS,
the accuracy and reliability of the system infeeermoechanism would be continuously improved with
development of the system application.

(4) Reasoning Strategies. As aforementioned, thdR Ripproach would reduce the inference
efficiency, especially when the scale of the rudsebis very large. In order to keep a balance letwiee high
efficiency and reliable accuracy, the reasoningtegies are carried out according to the phasheofystem
application. Specifically, in the initial stage thie system application, the number of rules (oespstored in
the rule base (or case base) is relatively limited to the lack of sufficient data. Also, the relligdy of the
initial rules need to be verified and improved bg treal cases. Thus, RBR and CBR can work in dlpara
way in this situation, contributing to expand tleale of the knowledge base by means of expert teztdb
When the knowledge base grows large, these twmappes can work in a serial way for the considenatif
space-saving in computation. Generally, CBR wowdbtivated ahead of RBR as to avoid the low efficy
in rule retrieval. Once the target case is nothheddn CBR, the RBR would then be activated.

Risk analysisand control

Based on the calculated results from the knowladfgrence, the safety related risk analysis and
control measures can be carried out. As seen inZithe main identified safety risks/risk factenr® first
categorized into technical, geological and envirental risks. Combined with the risk ranking resulte
corresponding safety control measures can therctieeed accordingly. Finally, the safety risk waigs are
released in a visualization scenery. In the meamtthe identified safety risks, displayed by difetrcolors in
the visualization scene, can be divided into fawels, namely Red "Extremely dangerous", Orangey'Ve
dangerous", Yellow "Dangerous" and Green "Safe".

CASE STUDY

Wuhan is the largest city in Central China withapyation of 10.02 million (2011 data). In order to
relieve the pressure of urban traffic jam across¥hngtze River, the construction of Wuhan MetnoeLTwo
(WMLT) formally started on August 28, 2006. The Zkin route, with 21 stations and a total investradnt
nearly US $3.2 billion, runs underground on a negst-southeast alignment between the Hankou and
Wuchang districts. B-RIES was applied to identifyirafety risks at the pre-construction stage ofranet
construction, providing guidelines for safety aasie at the construction stage. A case concermagretro
station, Mingdu station, is presented in this pdpethe system application.

Project profile

The Mingdu station, located in the Wuhan Metro Liiveo, is an underground 2-story station. The
station was started on November 26, 2008, withwthine length of 241.3 meters, an average width&88
meters, and a total floor area of 11932.1 squartensieA foundation pit with a depth of around 15ene was
excavated using the cut and cover construction odetfihe retaining structure was composed of boied p
and jet grouting piles, which provided a waterprooftain. Two adjacent high-rise buildings, Baoliddlu
Buildings, were located in the north of the founaiafit. The Tibetan Middle School was locatedtia south.
The excavation space was limited due to the nawovking site.

Safety risk identification

With the support of the build-in subsystems of EER] namely BES, KBMS and RIS, the results of
safety risk identification in the Mingdu station igeconducted, as seen in Fig. 3. Five main safskg were
identified, among which the risk of "flowing santthe foundation pit bottom" was on the top of lisé In
accordance with the safety risk identification e the risk of "flowing sand at the foundationbmittom"
was taken as an example to present the detailedwtation process.
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Fig. 3--Results of safety risk identification iretMingdu station

() Information extraction for engineering paramgt®&IM (always in the format of Revit) related to
the Mingdu station was first input into B-RIES. Nethe built-in recognition algorithms were aimed t
extract the information for the risk related paréene where the IFC standard was acting as a bridige
between the BIM data and the risk related infororatiThen, the recognition results were stored inLXM
format files which could be read in B-RIES. Theragted information of risk related engineering paeters
was seen in Fig. 4. Finally, the engineering patarsanformation saved in the XML files was matchéth
the fact base to calculate fact credibil@¥(e) of the risk related parameters. For instanceXML files, an
element was presented as "<state of bored pile @deloeinto rocks> not embedded into rocks", whiclanse
that "retaining pile embedded into rocleg)( was in the state of " Not embedded". To be drdhe fact
credibility of CH(e;) was recognized to be 1.0.
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Fig. 4--Extracted information of risk related erggning parameters

(2) CBR approach. Based on the extracted riska@lparameter information, Eq. (4) was used to
find out the target case from the case base wheR ®Bs activated. The target case was chosen thebe t
Guicheng station which is one station of the Guanzimetro system in Guanzhou city, China, as shawn i
Fig. 5. The similarity between the specific projaad the target was calculated to be 0.192 which less
than the given thresholg=0.3. In that accident, great quantities of sandreved into the Guicheng station
under construction on July 31, 2008, resultingarais ground subsidence and construction delagoriing
to the description of safety hazards in the tacgse, the project engineers came to have a deepstizuading
about the potential safety risks in the MingduistatAlso, the risk level and relevant safety cohtneasures
were reached.
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Fig. 5--Case matching results for the risk of flogzsand
(3) RBR approach. Based on the aforementioned duveein the RBR approach, the rule base was



matched to select suitable rules. It is known thatksite type was "station" while the constructimethod
was "cut and cover". Table 1 listed the optiond¢sifor the risk of flowing sand. Using Egs. (5));(CF €)
of R1-11 and R1-14 is less than the threshgltherefore both were discarded. Next, @-df R1-25 was
calculated to be CFe[ = 1.0x0.2 + 0.6x0.2 + 0.8x0.25 + 01.0x0.3 + 0.4x00.6x0.1 = 0.76 % = 0.5. The
rule R1-26 was therefore available, and Eq. (3) usesl to calculate the conclusion credibility @)% CF(h
» €)xCF(e)=0.76x0.8 =0.608.

Table 1-- Rule matching results for the risk ofAflog sand

Rule Rule bremise descriotion Worksite  Construct  Rule Thresht
code P P type on method Credibility Id A
<L SFID.025V <FID.036V ~FID.101 10 1110 0.5 0.9
R1-1 FID.025AFID.036/\FID.100AFID.101AFID.1 10 1110 1 0.8
4 26/\FID.128
R1-2 FID.025(0.2)\ FID.036(0.2)\ FID.100(0.3)\ FI

10 1110 0.8 0.5
6 D.101(0.1)\FID.126(0.1)\ FID.128(0.1)

(4) Risk identification and report. The results lcbbe testified when RBR and CBR worked in a
parallel way. In this case, the results were coasisbetween the two. The safety related risk aigslsind
control measures could then be obtained, suchskgype, description, locatiopossible consequences, risk
level and control measures. The identification ltesof the risk of flowing sand in the Mingdu statiwas
presented in Fig. 6.
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Fig. 6--Identification results for the risk of flomg sand

I mplementing effects

According to the risk identification results fromMBES in the Mingdu station, at the construction
stage, the contractor strictly implemented the wafrklewatering on working site, controlled the wdtead
difference between the inside and outside of tiwadation pitand reinforced the foundation pit bottom so as
to reduce risk limit. In addition, the frequency déformation monitoring was increased, ensuring the
feedback analysis of measured data in the real #is®, emergency supplies, equipment and personers
prepared in advance to cope with the risk evenistwivere very likely to occur. With effective safetontrol
measures adopted, the construction of the Mingdtiost in complex environments went smoothly and the
main underground structural work was completed agust 9, 2010.

CONCLUSIONS

Numerous potential safety risks exist during thérmeonstruction in complex project environments.
Safety risk identification is becoming extremelypiontant in the safety assurance in engineeringtipeac
Large amounts of explicit and tacit risk-based klealge provides sufficient prior knowledge for thigkr
inference process. B-RIES is developed to systemdtie fragmented knowledge for knowledge sharimd) a
communication among dispersed clients and domgierex First, engineering parameter informatioatss
to risk factors are acquired from the BIM of a sfieqroject where the IFC standard plays a bridge
between the BIM data and metro construction saiss. A hybrid reasoning approach with CBR and RBR
included is then proposed for knowledge infererféi@ally, the results of safety related risks andirth
occurrence probability and control measures caaubematically achieved in real time. B-RIES carubed
by practitioners in the industry as a decision supfool to provide guidelines on risk assessmeut safety
assurance in metro construction. Furthermore, BSREEworth popularizing in other similar projectbeve



the risk management is closely related to the expewledge, such as coal mining, dam operatiortgaf
nuclear power plants and others.

A large number of rules serving for safety riskntécation were obtained from the domain
experts on an empirical basis for this researchm&hous domain experts participated in the risk
mechanism analysis work, making an essential doution to securing a qualified rule base for the
development of B-RIES. This process was laboriond eelied greatly on the domain experts. Our
subsequent research goal will focus on automatmwkedge acquisition regarding different knowledge
resources, as well as adopting the Rough Set (&R&8¢velop a real-time intelligent rule-based system
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