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Abstract: In a super-highrise residence project, the project manager needs to forge a long-term risk management plan which
covers any problems which may occur from the beginning of the project to the time of demolition. Development of a system
which supports a risk strategy effectively is needed as a project becomes more complex. In this paper, first, through analysis
of the life cycle of a specific super-highrise residency project, risk phenomena are specified from the viewpoint of each party,
and a database which has various kinds of information about the inherent risks, is developed. Next, a mathematical model is
formulated based on the comparison of optimal strategy against a risk, elucidated quantitatively within a fixed risk strategy
budget. Finally, a system which has these functions is developed and improved upon through analyzing the results of practical

experimentation.
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1. BACKGROUND

1.1 Background and purpose of the research

In construction projects, long-term risk management is
necessary which considers weather, labor force, and
financial conditions. In addition to construction itself,
environmental aspects and demolition problems shall have
to be considered. Super-highrise residency projects have
more risks to consider because of long construction
schedules and the many claims made after occupation.
However, available knowledge is limited to manage the risks
which incorporate the perspectives of all parties involved
multi-laterally over the life cycle of a project beginning with
planning, followed by construction, occupation and finally
demolition. Previous studies deal mainly with risks from in a
qualitative manner rather than quantitatively [1-5]. Thus, a
risk management framework has not theoretically been
established yet. Therefore, this study focuses on the
following aspects.

1) To illustrate, a specific construction project is surveyed.
Throughout its life cycle, characteristics and details of risks
are then identified.

2) Identified risks are compiled in a database to manage
them effectively.

3) A methodology is developed to manage specified risks
quantitatively and a mathematical model is developed to
support decision-making to select an optimal combination of
strategies within a fixed risk strategy budget.

4) The system which has these functions is developed and
improved based on practical experimentation.

1.2 Research system

This research is performed under an academic-industrial
alliance. Not only the management researcher but also the
structure and the facility personnel join the academic
research team. In addition, the client and the construction
manager join the joint research team. Other parties such as
the architect or the general contractor join as collaborators in
the survey of the actual project. The research system is
shown in Figure 1.
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Figl. Research system
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2. DEVELOPMENT OF METHOD OF RISK
QUANTIFICATION

2.1 Risk structuring

In this study, in order to develop the method of quantitative
and qualitative risk analysis, the risk model, shown in Figure
2, is developed by combining methods of fault tree analysis
(FTA) and the method based on event tree analysis (ETA).
The following events exist in this model.

(1) Top event

This kind of event directly causes risk events in a chain of
the events within the risk model.

(2) Failure cause

This event is a minimal unit when the top events are broken
down by FTA format.

(3) Failure mode

These events are formed in the formation of FTA.

(4) Derivative risk event

These events are caused by top events, and entail damage to
the projects. Parts between a top event and the derivative
risk event, and between a derivative risk event and the next
derivative risk event are called “chain arrows”.

(5) Project environment

There are events in which their occurrence is determined by
the environment of the particular project. In this study,
project environments correspond to any of the following.

1) Conditions totally unrelated to the parties’ decision
making pertaining to the project.

2) Decision making which has the potential to lead to
damage and profit together.

3) Decision making which includes clients whom can
influence the whole of the project.

(2) Failure canse

4)Derivative risk event

(3\Failure modd - -
4)Derivative risk even

4)Derivative risk even

4)Derivative risk even

— (1)Top event

i

(3)Failure modd
4)Derivative risk even

(5)Project environment

1
0Oo0, oo —

Broken down by FTA format N Follow the chain of events

Fig2. Risk model

2.2 Risk quantification

In the risk model, the structured risks are quantified. In the
quantification process, probability measurements and
impact measurements are adopted. In this study, expected
values of the derivative risk events equate the measure of the
risks. Each derivative risk event has an undesirable outcome
which is called a “risk result”. Risk results are classified into
8 categories as; increase of costs, safety problems, quality
defects, delay of project, problems occurring after
completion, loss of corporate image to society, loss of
corporate image to inhabitants, loss of corporate image in
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project. Each expected value of a derivative risk event is
reported as an expected value of a corresponding risk result.
The total sum of the expected values represents the project
risk. Each event is formulated as follows.
(1) Probability of occurrence of each top event

Probability of occurrence of each risk result Pris
calculated by formula (1)

PT(I'):HHPX(M> (1)

/=1 jeK,

Where, Py is the probability of occurrence of failure cause
X(i,j), K;corresponds with minimum cut-sets, and e denotes
the number of minimum cut-sets.

(2) Probability of occurrence of each derivative risk event

Probability of occurrence of derivative risk event
Y(s,..p.s,) is calculated by formula (2)
Py(.s,,,l,p,s,,) = Py(.v,,,z,p—l,.s,,,.) x QY(.v,,,,,p,s,,) (2)

Where, (s, p.s,) is the sp1h derivative risk event in which

the number of chains from the top event is p, and chains from
5,.1™ derivative risk event in which the number of chains is
p-1. 0y, ,., 18 the probability of the chain arrow from

derivative risk event ¥(s,_,,p-1s,,) 10 Y(s,.p,s,) -

(3) Expected value of each derivative risk event
Expected value of derivative risk event ¥(s,,p,s,) is

calculated by formula (3)

Eisyipisp = Fisprpsn) sy amsy) (3)
Where, 1y, ., is the impact of derivative risk event
Y(‘S‘p*l’pvs‘p) .

2.3 Risk strategy

In the risk model, risk strategies are adopted to particular
failure causes and the chain arrows. The following
categories are determined for the classification of risk
strategy.

(1) Backup plan by insurance

By adopting the insurance against the derivative risk event,
the impact of the risk is transferred to the parties outside of
the project.

(2) Avoidance by elimination of occurrence conditions

By eliminating the project environment of a particular event,
the event itself disappears.

(3) Mitigation by internal effort

By mitigating the probability or impact of the event, the
absolute amount of the project risk is decreased.
(4)Allocation

Risk bearers are changed in the project by adopting this kind
of strategy. If the risk is managed well, the absolute amount
of the project risk is decreased.

The following categories are determined for classifying the
relation of risk strategy.

(1) Exclusive strategy

Two or more strategies of this relation can’t be adopted
simultaneously.
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(2) Priority strategy

The effect of one strategy is only to supplement another.
Supplemental strategy can’t be adopted independently.

(3) Unified strategy

Two or more strategies of this relation have to be adopted
concurrently.

3. RISK DATABASE

3.1 Risk survey in an actual project

In a real super-highrise residency project, an on going
questionnaire survey was conducted for each corresponding
party to identify any potential risks. Next, details were
collected concerning the identified risks by interview with
persons in charge. As many parties as possible are surveyed,
and stages already finished are surveyed by recounting past
experiences. Schematics and the range of the survey are
shown in Table 1. Items of the survey are shown in Table 2.

Table 1. Subject of the survey

Subject of the survey Super-highrise residence “X”

Parties | Client “A”, “B”
Architect, Supervisor “C”
Contractor “D”
Construction Manager | “E”
Structure Reinforced concrete (Partly steel)

Number of stories 35 stories above and 1 under

Number of houses 269 houses

Term of construction From Nov. 2003 to Jan. 2006

Table 2. Items of the survey

Items of the survey Remarks

Controllability Possible/Impossible

Possible timing of occurrence | Free form

Who currently owns the risk Free form

Risk result Choice from the 8 risk results
Risk strategy Free form

Possible timing when the | Free form

strategy is adopted

Who adopted the strategy Free form

Costs for the strategy Free form (including labor costs)

Occurrence probability of the | 1. No assumption in the project

risk 2. There 1is the possibility of
(after the strategy and without | occurrence, but It seems unlikely that
the strategy) this risk will actually prevail in the
project.

3. There is sufficient possibility of
risk occurrence in the project.

4. The risk will not absolutely occur,
but It seems likely that the risk may
actually occur in the project.

5. The risk will absolutely occur.

Impact of the risk
(after the strategy and without
the strategy)

1. Up to 1 million yen.

2. More than 1 million yen up to 10
million yen.

3. More than 10 million yen up to 100
million yen.

4. More than 100 million yen up to 1
billion yen.

5. More than 1 billion yen.

Relation of risk strategy Free form

Remarks Free form
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3.2 Development of a risk database

By summarizing the survey results, a database was
developed, which can be used to share risk information.
Using this method, risk data which are separately gathered
by individuals, project teams and enterprises can be
summarized. This will lead to better the management of risks
to unify a network of shared knowledge, to distinguish
standard risk strategies with optional strategies, and to
understand correlations between multiple sources of risks.
Sharing risk information will be beneficial to establish risk
management protocol in similar projects in the future [4, 6].

4. QUANTITATIVE OPTIMIZATION METHOD OF
RISK MANAGEMENT STRATEGY
4.1 Formulation by mathematical programming
In order to find an optimal combination of risk strategies
within a fixed risk strategy budget, the following items are
formulated as an object function or constraint functions by
mathematical programming. The optimization problem is
reduced to a 0-1 integer programming problem.
(1)Object function

The object function is the degree of project risk. It is
calculated by formula (4)

E:ii'"i"'iiE(.\‘p,hp,.\'P) (SOZi) (4)

i=l s =1 sp=l s,=1 p=1

(2)Constraint functions of events
* Probability of occurrence of failure causes
Probability of occurrence of failure causes Py;; ) is
calculated by formula (5)

. "
a6 Riij)

Py =l Z ZPK;;-*”{ ero,/.u)}{ H(l_xe<i./,\=>)}]xx’(u) (5)

) vek{lh
Where, «, ;,is the number of the strategies of the failure
cause X(i,j) , M, is the set of the combination of m-plex

strategies of X(, /), k% is the k™ set in M7, , R}, is the

()]

number of the set in A},

) (=, C.). B, s the probability
of occurrence of X(,,) after (/% is adopted, x,, ., is the

decision value of the strategy s either 1 (adoption) or 0

0(i,j,) >

(no adoption), x',, is the decision value of the project

environment X'(, j), either 1 (existence) or 0 (no existence).

+ Summary of the costs of strategies of failure causes
Summary of the costs of strategies of failure causes is
calculated by formula (6).

i j)

Cxipy = ch(i.j,a)xeu.j,a) (6)

a=1

Where, ¢,, ., is the cost of s, ..

* Probability of occurrence of chain arrows
Probability of occurrence of chain arrows is calculated by
formula (7).
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Bsprpsp) R(\p,l‘,,‘\,,y

Oty =L Z Kk { H Votsyrpspr}
m=0 kel ) ek
e p
{ H (1*YO(spfppnsp.V))}]Xy'(sp,w.sp) <7)
‘,QKE,:AA
p-1:PSp)

Where, BZSHNP) is the number of strategies comprising the
chain arrow  z(s,,ps,) , M{ _,,, is the set of the

combination of m-plex strategies of

Z($ )15 055))

. wi h g i m ” :
(m=B, py )s KGY s, 18 the K set in My 0 RE )18

G )y Qs 8

Sp-1-P+5p)

the number of the set in M{; ., (=

Bsptops

k

the probability of occurrence of 7(s, ,, p,s,) after Ki* ) is

P

adopted, y,, ., 18 the decision value of the strategy

S either 1 (adoption) or 0 (no adoption), »',

(s pet P pB) 2

is the decision value of the project environment Y'(s, . p.s,)

p-12P:5p)

either 1 (existence) or 0 (no existence).

* Impact of derivative risk events
Impact of derivative risk events is calculated by formula (8).

B sprpsp) sporpsp)
IZ(xp,lvP,\'l,) :[ Z]K”"" { H ye(xpilvpv\_pvu)}
m=0 k=l GpbPsp) pemk
HER (sptopsp)
CTT 02XV ey (8)
VEK(,;,,H;A.\!,)
Where, 1. is the probability of occurrence of
(5p-1:2:5p)
Y(s,.,p.s,) after k3¢ adopted.

+ Summary of the costs of strategies of chain arrows
Summary of the costs of strategies of chain arrows is
calculated by formula (9).

B (sp-t.psp)

Cotsprpsp = Cotspr 225 BV 005125, ) (9)

Where, ¢,

B=1

sy 18 the cost of Sotsy 1.0,

(3)Constraint functions of costs
Constraint of cost is calculated by formula (10).

n 1G) 4 i

Iy q
222 2 2 Crap + Zczcs,,,l.p.s,,)} = G

=l j=1 5=1 sp=l sy=1 p=1

(10)
Where, C,,, is the fixed risk strategy budget.

(4)Constraint functions of relation of strategies
Constraint of relation of risk strategies is calculated by
formula (11)-(16)

+ Exclusive strategy

D oy =1 (1)

s=1

h < )

Zye(v,,,..p,vp,m =1 12

g=1

* Priority strategy

Koty =+ = Fogjig) =+ = o) (13)
> > >

Yo(s, 1.5,k Z.Z Yos,1.pispde) == Yo(s, 1.5y dy) ( 14)
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* Unified strategy
(15)

(16)

Ko =0T Modja) T T Yok

Yoty 1pspd) =0 = Vs, 1puspdy) =0 = Vois,1.psydy)

+ Consistency of identical strategies being adopted
When identical strategies exist in different places, their
consistency of adoption must be satisfied. Constraint of

consistency of adopted identical strategies is calculated by
formula (17) and (18).

Xtk = = X0k T Vot psph) =T Vol pspoli) (17)
Koy T T Kot Yoyt T T Vo, 0
_ 0
= D X000 T X010 T V0, 1) T F VoG5, i)
1
D a1 Ko, T V5, 10550 1)) F
n-1
R S VA E VRS ST T R ERES ORI AR o AP TAY (18)

4.2 Quantitative optimization method

In the previous study [4], the optimization problem is
formulated by branch-and-bound method and enumeration
method, and the effectiveness is demonstrated. The system
developed in this study is assumed to have an enormous
number of valuables followed by an increase in the amount
of data in the future. Thus, the optimization method in the
system does not necessitate an excessive amount of search
time to find an optimal solution, but rather requires an
accurate approximate solution to be found quickly. In this
study, the optimal solution is searched for using
meta-heuristic.

5. DEVELOPMENT OF A RISK MANAGEMENT
SYSTEM

5.1 Establishment of a risk management system

The risk management system which has both the risk
database and the optimization method is actually developed
by VBA (Visual Basic for Application). The number of
chains of events and the level of breaking down by FTA
format from the top events are both set to two. Three failure
modes, nine failure causes, three first derivative risk events,
and nine second derivative risk events exist per one top
event. In the system, the qualitative data such as probability,
Impact, and labor costs collected qualitatively in Chapter 3,
have to be quantified. The qualitative data of probability and
impact is quantified based on the documents [7], shown in
Table 3 and 4, in order to be able to respond to any kind of
risks. The labor cost of one person per day is set to 30,000
yen based on the 1206™ ministerial announcement [8]. An
example of database presentation is shown in Figure .3.

Table 3. Subject of the survey

Data of the survey Data after quantification
1 0.050
2 0.100
3 0.350
4 0.675
5 0.925
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Table 4. Subject of the survey

Data of the survey Data after quantification

0.5 million yen

5 million yen

50 million yen

500 million yen

[V N HUVR | (O R I

5 billion yen

[Top event
D =l # | search

["Fail to make sura of
snacification
Decreace efficiency

Fail to make sure of < {Omission in quantity
|edlesizn SLET rvey.

Additional work

Have trouble about

o or =] [omicsion in contract ]
=l = additional payment

contractor

| = 1
[Strategy
first dorivative & trouble about The first derivative risk ovent 2 |__30
event 2 Eddmona\ pavment.

Top event ID o8

Possible timing of undertaking the strategy
O site scauision BriefingD Basic designll Ex
® Start of i
B Carpentry work® Exter
O Until half year after dchvcer u
O Production of prototyped Salel Sal

& Preparation
PC ]

work.

st before completiond CompletionD Delivery

o years after deliveryd Until ten years after delivery
contract

Who undertake the stratesy

O Client D General Oc. ion Manager O Nei ing site
O Designer B Special contractor O Government Dconsul Itant
O Structual designer O o Opis

O Facility designer [ Supervisor

Fig3. An example of database presentation

5.2 Case study

As an example, optimization is carried out for all strategies
in the database by changing the projected risk strategy
budget from 0.5 million yen to 100 million yen. However,
for the risks with financial impacts equaling 5 billion yen,
the strategies against them have to be adopted preferentially,
so they are eliminated to distinguish them from other risks.
In this example, the number of strategies (decision valuable)
is 203, but the number of free strategies is 107. As a result,
an optimal combination is selected from 96 strategies.

The results of the optimization are sorted by risk results,
shown in Figure 4, and by time series, shown in Figure5. The
results from the adoption of decision values in each risk
strategy budget are shown in Table5.

In Figure 4, the reduction of the project risk is increased by
the addition of the risk strategy budget up to 0.5 million yen,
and keeps reducing until 50 million yen, however slightly
more than 50 million yen. In this figure, the cost-benefit
performance is found by comparing the costs with the
reduction of the project risk. In Figure 5, the project risk
between preparation of construction and completion are
mostly large, and the risks after the completion are second.
This is because during construction there are risks that have
the potential impact of greatly causing “delay of project”,
“increase of costs”, or “safety problems”, and after
completion the risks that have the greatest probability are
those such as claims. In this figure, after adoption of the free
strategies, the risk after completion is reduced. This is
because the clients adopt strategies such as to confirm a
particular risk with the architects or contributors. When the
risk strategy budget is little, the strategies against the risks
during construction have priority. These strategies are
adopted by contractors during construction, shown in Table
5.

In this manner, the system is effective in that the cost-benefit
performance can be found, and useful information is
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discovered by analyzing the project risk and its reduction by
risk results or time series.

60000 —— Increase of costs

o
o
S
1=
5

—=— Satety problems

0000

Quality defects

0000 |- Delay of project

0000 [
10000 4=

—#*— Problems after
completion

Project risk (¥million)
oW A

o — 3 ¥ R —8— Loss of corporate
0 L=—= = image in project
—— Loss of corporate
O R I AN PN I image to inhabitants
& @ & 3 5 Ea o Loss of corporate
o° & \@ > S e @@" image to society
Q® = N Sum of project risk
&

Risk strategy budget (¥million)

Fig4. The project risk of optimal combination by risk results
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[=+—0 (No strategy) —=— 0 (with the strategies) 50 —— 100 —— 500 —— 1,000 —— 5,000 — 10,00

Fig5. The project risk of optimal combination by time series

Table5. The adoption of decision valuables

| Strategy Undertaker of Timing of _Risk strategy budjet (¥million]
(the failure couses or the derivative risk events) the strategy the strateay [ 0.5] 1] 5] 10] 50 100
Visit the country of manufacture Client
(Delay of delivary of foreign manufacture) Architect Briefing o of o of 1| 1
Show the pictures or the data when manufactures are chosen
(Lack of of the performance of shawerheads) Basic design of o o 1f 1
Take out storekeepers’ comprehensive insurance Prepaartion
(Theft in temporary offices) General of of of 1] o 1| 1
Prepaartion
Have leeway (Excess of costs) General o o 9]
Call an experienced worker to construction site and obtain advice Start of
(Lack of experience of a general General construction o of o of 1| 1
confirm a approval drawing when manufactures are chosen General constractor |Start of
(Uncertain of an equipment item) construction of 1) 1 1 1 1
Divert piping by making a new one Fundamental
(Destroy a piping of the adjacent land by sheet pile) General iction ol of of of 1 1
Select the best construction method Fundamental
(Destroy an equipment of the adjacent land by sheet pile) General iction bl ST S| ] IS 1
Divert piping by a temporary one Fundamental
(Destroy a piping of the adjacent land by sheet pile) | General iction ol of 1] of o o
[Give an advance informed agreement with the owner Client Fundamental
(Destroy an equipment of the adjacent land by sheet pile) General construction bl ST S| ] IS 1
[Apply protective material to a surface of concrete Flame
(Concrete paching) General construction ol of of of 1 1
Pre-operation check and safety facility such as a safety net Fla
(Fatal accident by  falling object) General construction daf o o 4

(Check the weather forecast, and patrol and sweep construction site
(an object in the site falls on the wind to the periphery)
Make drawings of positional relation of piping sleeves

( a low degree of accuracy of drawings) Special contractor _|construction ol of of of of o
Fla
Outsource drawings of PC (Delay of PC drawings) General construction of of of of 1 1
Flame
Outsource drawings of PC (Delay of General construction of of of of of 1
Specialist of machinery check Flame
(Can't pass an ispection of completion of a tower crane) General construction of of 1 o 1 1
Facilty designer |Fla
Change design urgently (spray water in common use space) General construction of of of of 1 1
Supervisor Flame
Confirm at frame (Fail to make sure of a General construction R I ] 1
Flame
Use plastic molds (Failure of molds) General construction k] ] ] )

General constractor

Divert molds repeatedly (Failure of molds) Special contractor _|construction b1 IR T 1 I
Flame
Fill a bathroom on a trial basis (Deficit of ) General construction ofof 1} 1f 1f 1
General constractor |Flame
make clear (Repair a leak) construction b1 IR T 1 I
Check an measurement equipment of an earth load ,
an surface crack , and a leak of an end dam Flame
(Fail to make sure in a construction site) General ction, i1 IS AT S T S

Consider an execution scheme of piping and
compare with an instruction manual of a manufacturer

Facility designer
General constractor |Flame

(Failure of construction) construction of o 1 1 1 1
Outsource to a primary special contractor Flame
(Decrease efficiency of construction) Special contractor _|construction of of of of of 1
Conpute a quantity of flow and consier a and General lame
(Lack of of water pressure) construction of of of of 1 1
Undertake construction on a trial basis Flame
(Lack of experience of a general General 1 ction of of J 1f 1] 1

Respond to inhabitants claims Until half year
(Claims raised against a disposer) Client after delivery LI 1R . 1
Respond to inhabitants’ claims Until half year
(Claims raised against a leak of a balcony) Client after delivery ] T T )
Respond to inhabitants’ claims Until half year
(Claims raised against a floor material of common use space ) Client after delivery ol of 1] 1| 1f 1
Respond to inhabitants’ claims Until half year
(Claims raised against a flooring material ) Client after delivery ofof 1] of 1] 1
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6. IMPROVEMENT OF PRACTICALITY OF THE
SYSTEM THROUGH DEMONSTRATION

In this study, the function of the system is improved based on
the views of the practitioner, and the percentage completion
is advanced. Definitively speaking, to examine the
effectiveness, the system is applied to another project, and
improvement is shown in a presentation to the client and the
construction manager. As a result, it is made clear that
clients desire to manage all projects involved all at once,
they want to be made aware of all risks, and they want to
manage risks effectively using different methods at each
stage. It is also made clear that construction manager wants
to know both the risk and benefit of an applied strategy
because they develop the information into value
engineering. Based on these results, the system is improved,
and new functions are added. The functions of the system
within the project are shown in Figure 6.

Early stage

Addition of the new project

+ Registration of multiple projects and
updating them

L1

Feasibility study

« Searching similar projects
+ Comparing projects
* Analysis of cost-benefit performance

s

Middle stage

Database searching

Risk strategy optimization

* Viewing multiple projects « Risk strategy optimization

+ Displaying a list or details of a result of a| | * Viewing various kinds of form of results of]
search optimization
« analysis a simplicial risk model in detail
« Configuration of optimization

S

Termination stage

Updating the data

+ Updating the data
« synchronous of the data

I

| To the next project |

Figure 6. The functions of the system within the project

7. CONCLUSION

In this study, risks were collected in an actual construction
project for a super high-rise residential structure, and a
database is developed to lead to better management of risks.
The risk model is developed, and the method of selecting an
optimal combination of strategies within a fixed risk strategy
budget is based on the model. Finally, the system which
fulfills these functions is developed and improved upon
based on the results elucidated through experimenting with
strategists. By using this system, practitioners in projects can
manage risks effectively and reasonably.

Future considerations for this research would be as follows;
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1) By applying this system to other real construction projects
to support risk management, the data amount of the system
would have to be increased.

2) The system must be improved to enable application in
various situations or ordering systems.

3) The system must be improved so that it is able to be
applied from the viewpoint of maintainability design and
reliability design.
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