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ABSTRACT :

Rapid economic growth in China over the past dedste resulted in an increasing number of new g
construction projects. As a result, investors, @wibrs, and the insurance industme calling for addition
seismic risk assessments of buildings under cortgtiru Unlike the riskof existing buildings, the vulnerabil
and replacement valugf a building under construction vary over timedats risk to the contractor diminist
upon the completion of construction. Relying on ¥iénerability function and the total valag the finished sta
to provide an estimate of monetary damage may teathaccurate resultDrawing on examples of st
constructions in China, derivation of progressiwvnerability and statistics of their constructioeriopd and cost
this paper presents a framework designed to acdourthe time-dependent nature in managihp type o
construction risk in the case of earthquakes. Topgsed method can be used by insurance companiestf
pricing and portfolio risk assessment, and it calgb be easily extended for s#pecific seismic risk assessn
for buildings under construction.
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1. INTRODUCTION

During the past decade rapid economic growth img&lmas resulted in arpsurge of new building construct
averaging 15% growth annually. According to natistatistics, by the end of 2008, the total floozasof new
construction are estimated around 1.8 trillion squaeters. However, since China is an earthqpaee countn
many of those developments are under the thredesifuctive earthquakes, as seen in the 1976 Wahgsha
and 2008 M8.0 Wenchuan earthquakes. Thus, the dkrmanearthquake insurance coverage for these
buildings has increased, especially in regions wiseich coverage is mandatory. However, catastrogkpose
challenges to insurers - who are develogstrgtegies for pricing, underwriting, risk transéerd overall portfoli
management since historical loss data is typicaibrce. In the case of low probability catastrophessirers hay
to rely on a scientific assessment which requirearalerstanding of seismic hazard and thieerability functioi
of general seismic risk assessment under congiructi

In seismic risk analyses, the goal of the vulnéitglfuinction is to examine the relationship betwaegound
motion and the buildings damage. That damage iallysexpressed as a ratio of the repair cost tdthiging’s
replacement cost (cost to reconstruct the buildiRgy a finished construction (refers to a convaml or existing
building in this paper), its replacement cost anbherability are independent of time. However, ddvuilding
under construction, the vulnerability and damagi ary over the course of construction. An appeaipr
assessment of the seismic risk for buildings uedastruction is crucial.

To address the gap in assessing different congirucisk types, a cost ramp functiathe graduallyincreasini
relationship between the replacement cost and, tivess developedllustrated by steel constructions in Ch
statistics of their construction period and costengathered to formulate the cost ramp functfdamputations
models of a 20-story SMRF (Steel Moment Resistingnte) building at waous stages of construction w
created and the levels of damage in response tmdnmotions were evaluated analytically. The resuireusec
to develop a vulnerability function that varies ptiene.

The objective of this paper is to illustrate a feamork, including the development die cost ramp and t
time-dependent vulnerability functions, that enaiid& modelers and managers to betigssess construction ri:
for earthquakes.

2. CONSTRUCTION RISK ASSESSMENT METHODOLOGY

The proposed framework follows the methodologytahdard probabilistic loss estimation. An expedtss E
for a risk within the next year due to an earthguadtn be expressed in a simple form in Eqn. (1¢rwrP[EQ]

is the annual probability of occurrence of the leguieke, and E[Loss| EQ] is the loss conditioned on ground
motion intensity caused by the earthquake,

E = E[LosEQ|P[EQ] (1)
The conditional loss is a product of building reglament value and damage ratio estimated from aexaitbility

function given the ground shaking severity. Fopawentional building risk, and I&R, andV, represent its
damage ratio and replacement value respectively, @¢ can be rewritten in the form of,

E, = DRy(GM )V, (P[EQ] 2)
As stated above, this estimate will not change atienwhen the earthquake hits the finished bujidamd

subscript0 implies this independency. However, in case adrastruction risk, the loss differs dramaticallyhié
earthquake occurs at the beginning or the endcohatruction. Eqn. (2) then can be generalized as,
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() = DRGM,tV()P[EQ] (0<t<T) 3)

whereT is the total construction period, arI_EI(t)is the expected loss within thext year if the earthquake occ

at timet during the construction. For a probabilistic ristalysis, an earthquake could happen at any timieglu
construction, and an average, which assumes eopladiility of various possible losses, is considdte best
estimate. This is particularly true for a risk asseent of a large portfolio, where some projectg have just
started, some are close to finishing while otheesrathe middle of the construction. A mathematggression
for the average is,

E = ﬁ DR(GM ,t) V(t) dt]EP[EQ] (0<t<T) (4)

The integration over the construction time T refidbe insurer’s effective coverage period, afd becomes an
average loss over the project period. If the tirmpeshdent functionBR(GM, t) andV(t) are normalized by their
respective values at the finished stateBR§(GM) andV, (t = T), the above equation can be rephrased to,

E = U dr(GM,t) v(t) dtJEDRO(GM)WO PEQ] (0st<T) (5)
0

wheredr(GM, t) = DR(GM, t)/DRy(GM) andv(t) = V(t)/V, are the normalized damage ratio and replacensdug
functions, respectively. Theoretically, theis a function of ground motions as stated, and eguently a functic
of earthquakes as well. The implication is that ithtegration has to be repeated for every locatimh even
earthquake although the building under construcisoitlentical. It is found thatunder the same set of groi
motions, the variation adr is much lower than that @R,. Thus an assumption that the normalized damage
functiondr is independent of ground motions is introducedinaplify the above calculation. Aean value of tt
dr(GM,t) computed using the set of ground motiomsised in the estimation of the average rigksed on th
assumption and referring to Eqn. (2), the abovegu can be simplified as,

E = pavg D?o (6&)
Pavg =} dr(t) v(t)dt (0<t<T) (6b)

0

wheredr(t) is the mean value alr(GM, t), and Eqgn. (6a) suggests that the constructioncaskbe estimated as a
fraction of its corresponding risk at finished staand the adjustment factor can be pre-calculsiteze they are
independent of earthquakes. This simplificationvisles great convenience for risk modelers and assesher
the assessment for a conventional building is diré@aown.

3. DERIVATION OF NORMALIZED REPLACEMENT VALUE FUNCTION

In order to derive these time dependent functionsstruction progress is divided into the followigeneraliive
phases: foundation and substructure, superstruetngderoofing, finishing (including installatioof windows
doors, ceilings and etc.), mechanical and eledtitestallation, and final inspectioriThe building’s seism
vulnerability is very low at the foundation and striacture phase, then increases rapidly duringuperstructur
phase, and reaches is finished state when appnggttté finishing phase.
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Figure 1: Graphical lllustration of Normalized Rapément Valusg(t) and Damage Ratidr(t) Functions, and the
Computation of Adjustment Factor

Data of construction spending and period inr@hirom various sources are collected to deriveribrenalize:
replacement value function. The sources includenguend Zhang (2005), Yan (2004), various real estatb
sites and personal communication with local engsmeead contractors. For bettergddication, the spending a
period are grouped by the construction types (RGteel) and by théuilding height, which are categorizec
low, mid, high and tall, representing buildingstwit — 3, 4 — 9, 10 — 29, and 30+ stories, respagtiable 1
summarizes the average construction durations astd @ percentage feteel constructions in each phase v
by heights.

Assuming a spending distribution over each phasmraalized replacement value ramp function caddrévec
based the data set in Table 1, which is symbojidiilistrated on the left-most plot of Figure 1.

Table 1: Duration and percentage cost of typiegldbuildings in China classified by phases andtitsi

Mean Duration, year M ean Per centage Cost
Construction Phase Low | Mid | High | Tall Low Mid | High Tall
Foundation & Substructure 0.08 0.17 038 042 6.5 94 42 3.6
Superstructure & Roofing 0.06 0.17 0.33 071 7.0 8.31 18.9 21.2
Finishing 0.13] 0.25 0.42 0.58 353 34.2 34.0 32.5
Mechanical & Electrical 0.13 0.2 0.38 0.50 38.8 .240 40.6 40.5
Final Inspection 0.04 0.0y 0.13 0.13 2.3 p.3 2.3 1|2
Total 0.43| 0.87 164 234 100j0 100.0 10D.0 10Q0.0

4. DERIVATION OF NORMALIZED DAMAGE RATIO FUNCTION

Derivation of the ground motion independent averap@) function is quite complicatedFirst of all
computational models of a typical building at di#fet instances need to be created, and a sugsahd motio
time histories, each representing a different leMehazard, is selecte€Computational models are analy
subjected to these ground motions to calculate tim@iximum inter story drift ratios, which are tbasis fo
damage estimates. The damage then is normalizéd gspective damage at the finished state tdeeeserie
of dr(GM, t). Finally, the average of a(GM, t) leads to the ground motion independent functiodr (ij.

To elaborate this process, a 20-story steel momesigting frame (SMRF) new construction wseected fc
illustration. Since the vulnerability at the foutida and substructure phase is very low andvtiieerability fror
the finishing phase can be assumed to be closkatottie building at it§inished state, structural analyses
focused only on the superstructure and roofing @h@kus computational models for this neanstruction ai
built at the instances of 2-, 5-, 8-, 11-, 14-, &iid 20-story, respectively, as shown in Figure 2.
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Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

Figure 2. Computer Models to Represent Seven Qgoigin Instances.

A suite of 60 ground motion records (SAC 1997) welected for dynamic analyses. This suite psagentative
earthquakes of various hazards with PGA rangingfblg to 1.3y. Consequentlya total of 420 dynamic tir
history structural analyses are performed, andltsesue used to derive the ground motion independen
normalized damage ratio function. The central pidtigure 1 is a symbolic function of this studys Highlightec
in the graph, the vulnerability increases dramésicter the foundation andubstructure phase, and goes be
1.0 (which means more vulnerable than its finiskede), and falls back to 1.0 at the beginningheffinishng
phase. For this particular case, the most vulnerpbtiods are during the substructure and roofimags@ where
the building’s fundamental periods are closer te dominant frequency of earthquake shaking. FoR&n
construction, theulnerability can even be higher because concrasenlot reached its design strength durini
construction.

The product of the two normalized functions issthated on the right-most plot of Figurelticlearly sugges
that the worst-case scenario will be a situatiorenwvlan earthquake strikes near the completion pfogect
Although the vulnerability during the superstruetand roofing phase is very high, its risk is naitegl due tahe
relatively low replacement value in that periodr poobabilistic risk assessment, the average isidered th
best, where the risk is overestimated at earlyestengl underestimated at later stage.

5. APPLICATION TO INSURANCE INDUSTRY

One has to be cautious how Eqn. (6) is used feragsessment. As stated before, Eqn. (6a) estiraatespecte
average loss during the entire project. It can bedufor insurance pricing of policies that covee #mtire
construction period. However, when assessing rfs& portfolio for the next 1Znonths, especially a portfo
including conventional risks, the project wide exigel loss, that spans over a one year periodeeds to
annualized for appropriate aggregation. The follmptiwo equations elaborate the difference for eggfication.

Eml = Pag |:Eo (7a)
_ 1 _
Ea =  Pag [E, (T=210) (7b)

where the subscripts APL and AAL stand for AverBgeject Loss and Average Annual Loss, respectiviaiple
2 tabulates the average adjustment factors debyébe authors.

Table 2: Average adjustment facjay, for steel construction in China

Low (1-3) | Mid (4-9) | High (10-29) | Tall (30+)
Sted 0.25 0.38 0.61 0.92
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6. SUMMARY

A framework, compatible with a full probabilistisk analysis, is proposed for estimating the saigisks of
buildings under construction. The framework accsdat the time-dependency of vulnerability and aepiment
cost over the course of construction, and is fursivaplified for an easy application with the contienal risk
assessment. Different formulas are given expli¢ahythe purposes of insurance pricing and poxfdkk
assessment. Data on various construction spendihgeriod in China are collected and analyzed. &gevalues
of the spending and period of typical steel cortsitons is presented for various height classifaai A 20-story
steel building is then used as an example to iktstthe development of time dependent vulnergifiiihctions.
Finally, a set of adjustment factors relative te tisk of conventional buildings is presented foreasy
application. This framework could be extended toegyal seismic risk assessment under construction.
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