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1. Find the general solution for the following equations, (25%)

' 2xy* 42
3x2y? +8e*

dy
. ———= 10%
(@) e (10%)

(b) (D +1)y(x) = 4xcos(x) + 6 cos(2x); (15%) (note Dy s%)

I 0
2. Compute 4'°, where 4 = L 5]. (10%)

3. Find the solution for the following linear equation. (15%)
3%, —2x, = 6x; —x, =~5
3x,43x, —5x, =2
=X, +9x, +13x; -10x, = -1
2x, +4x, +4x, -6x, =-8

4, fis a periodic function shown in Fig. 1, find the Lapalce transform of A).(17%)

Fig. 1.

5. Let LIAN]=F"(s), for s>b and suppose that F is differential. Then proof of
LIf0]=-F (s). (16%)

6. Let =" for all real ¢, with @ a positive constant. Please find out the Fourier
transform of f{¥). (17%)




HMIAGLIR

3@5 BIEZEMHMBHE KEZE R TR
TN 96 S prig L urEe ABERAE ME : TEES ()

L.

ERERTTEE SRS 1 575 2 5% - FRABHTIR R A AR - UEM—E 1 (15%)
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FIEERAZEL  FHEE> 29°C 5 HEEL H F0T) - R R R G R REE
I RIS 0.1 - EREAERENINEML  FAOTH=EAERY -
(1) FSAMET S ¢ EERFEREI IS » BEER 2°C -

@) BETHS R : BT EEE » AREER29C
() $EREEE M : _EREELISMIHHR -

fB2% H » E1 2 B2 BRI -

(2) SACAH - E1 8 E2 RFGTREH S » REM -

(b) FEEET—EE - RIS M AR AR R T

(c) AR P(S) » P(R)EE POM)?

BB (method of moment) %ﬁfﬁiﬁﬁ*ﬁ P(A)=1 ™ 2287 (20%)
y ZKEAPDRE fl,y)=ae™ ;o (x20,y20) (15%)
=0 ; HE
(a) K a {82

() K px+y=2)?
(c) R p(x>yfr<2y)?

(@) —EBBMAEIA HER o, (0" +a )y +a,(¥)y =r(x) RIEEAER (exact (20%)
equation) HHEE(FRAT 7

(b) K TFIODEZIR + (1-x2)y"-3x'-y=1

BRTHIODELZHE * (x+2)*y ~(x+2)y +y=3x+4 (15%)

Sk FFIODEZ % : yf=%‘%§% (15%)




— = = = z e T —iIo—— - = P R W R

E)HE G

%@“\“%&ﬁﬂﬁk% FRRI : TARMERRAAT
PR ABERHE B TR (2)

1

1. Find the solution of the following equation:
a. (10%) y' +2y=e"sin2x

b. (10%) y’+ly =2x’y’
X

c. (10%) 4x’y"+dxy'-y="2.
X

" ' e-Zx 1 t -2
A (10%) y'+dy'+dy=—z,¥)==,y()=—
2. (15%)Determine the frequency of osciliation of the pendulum of length L in the

figure. Neglect air resistance and the weight of the rod (Hint: sing = 8)
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3. (15%)Find the divergence of the position vector to an arbitrary point in Cartesian ,
Cyliﬁdrical and spherical coordinates.
4. (10%)Find the surface integral

HF-ndA ,where F=x’*+y*j+2z’k S:x*+y*+2° =4
s

z z
k,~—<x<=
2
5. 10%If f(x) = s 3p s fx+27)=f(x)
0 ,-2':' X '—2—
. L 1 11 Fia
(a) find the Fourier series  (b) show that 1—§+-§-7+-~- =~Z

6. (10%)Find the Fourier transform of ¢’
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WM 1 F ¢ (You can write your answers either in Chinese or English)

1. Explain the meaning of “seismic retrofit” in your own words. (10%)

2. According to this article, how many and what are the levels for the modifications of
existing structures? {20%)

3. According to this article, make a table to classify different types of modification for
existing structures. (20%)

_ 4. According to this article, describe and compare different types of dampers. (20%)
5. According to this article, describe and compare different types of reinforcement. (30%)

§ W24
L AKX H REAR B #(25%)

2. RE XBRZIEF EQ5%) ¢
3. AE R EBERKQ5%) -
4. KB Bk 2 HEE SRR (25%) -
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Seismic Retrofit

Seismic retrofitting is the modification of existing structures to make them more resistant to
seismic activity, ground motion, or soil failure due to earthquakes. It is important to keep in
mind that there is no such thing as an earthquake proof structure, although performance can be
greatly enhanced through proper initial design or subsequent modifications,

Levels of modification

Seismic retrofit is primarily applied to achieve public safety, with various levels of structure
and material survivability determined by economic considerations:

. Public safety only. The goal is to protect human life, ensuring that the structure will
not collapse upon its occupants or passers by, and that the structure can be safely exited.
Under severe seismic conditions the structure may be a total economic write-off, requiring
tear-down and replacement.

. Structure survivability. The goal is that the structure, while remaining safe for exit,
may require extensive repair (but not replacement) before it is generally useful or
considered safe for occupation. This is typically the lowest level of retrofit applied to
bridges.

. Primary structure undamaged and the structure is undiminished in utility for its
primary application. A high level of retrofit, this ensures that any required repairs are only
"cosmetic" - for example, minor cracks in plaster, drywall and stucco. This is the
minimum acceptable level of retrofit for hospitals,

. Structure unaffected. This level of retrofit is preferred for historic structures of high
cultural significance.

Types of modifications
Modifications fall into several categories:
Isolation

Generally required for large masonry buildings, excavations are made around the foundations
of the building and the building (in piecemeal fashion) is separated from the foundations.
Steel or reinforced concrete beams replace the connections to the foundations, while under
these, layered rubber and metal isolating pads replace the material removed, these in turn are
attached below to new or existing foundations. These allow the ground to move while the
building, restrained by its inertial mass, remains relatively static. The pads absorb energy,
transforming the relative motion between the ground and the structure into heat. While the
pads tend to transmit some of the ground motion to the building they also keep the building
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positioned properly over the foundation. Careful attention to detail is required where the
building interfaces with the ground, especially at entrances, stairways and ramps, to ensure
sufficient free motion without damage to access means from compression or dismantling or
falling from extension. Significant examples of the application of this method are the San
Francisco and nearby Qakland City Halls in California.

Dampers

Dampers absorb the energy of motion and convert it to heat, thus "damping" resonant effects
in structures that are rigidly attached to the ground. In these cases, the threat of damage does
not come from the initial shock itself, but rather from the periodic resonant motion of. the
structure that repeated ground motion induces.

Slosh tanks

A large tank of water may be placed on an upper floor. During a seismic event, the water in
this tank will slosh back and forth, but is directed by baffles - partitions that prevent the tank
itself becoming resonant; through its mass the water may change or counter the resonant
period of the building. Additional kinetic energy can be converted to heat by the baffles and is
dissipated through the water - any temperature rise will be insignificant.

Shock absorbers

Shock absorbers, similar to those used in automotive suspensions, may be used to connect
portions of a structure that are free to move relative to each other and that may collide during
an earthquake. Where a rigid connection could break or impose excessive strain on the
buildings, and a loose connection could be dismantled, the shock absorbers allow the relative
motion to be restrained by transferring and dissipating energy. This can be especially effective
if the two structures have differing fundamental frequencies of resonance, as each structure
may then assist in inhibiting the motion of the other.

Tuned mass dampers

Tuned mass dampers employ movable weights with dampers. These are typically employed to
reduce wind sway in very tall, light buildings. Similar designs may be employed to impart
earthquake resistance in eight to ten story buildings that are prone to destructive earthquake
induced resonances.

Active damping with fallback

Very tall buildings ("skyscrapers"), when built using modern lightweight materials, might
sway uncomfortably (but not dangerously) in certain wind conditions. A solution to this
problem is to include at some upper story a large mass, constrained, but free to move within a
limited range, and moving on some sort of bearing system such as an air cushion or hydraulic
film. Hydraulic pistons, powered by electric pumps and accumulators, are actively driven to
counter the wind forces and natural resonances. These may also, if properly designed, be
effective in controlling excessive motion - with or without applied power - in an earthquake.
In general, though, modern steel frame high rise buildings are not as subject toO dangerous
motion as are medium rise (eight to ten story) buildings, as the resonant period of a tall and
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massive building is longer than the approximately one second shocks applied by an
earthquake,

Reinforcement

The most common form of seismic retrofit to lower buildings is adding strength to the
existing structure to resist seismic forces, The strengthening may be limited to connections
between existing building elements or it may involve adding primary resisting elements such
as walls or frames, particularly in the lower stories.

Connections between buildings and their expansion additions

Frequently, building additions will not be strongly connected to the existing structure, but
simply placed adjacent to it, with only minor continuity in flooring, siding, and roofing, As a
result, the addition may have a different resonant period than the original structure, and they
may easily detach from one another. The relative motion will then cause the two parts to
collide, causing severe structural damage. Proper construction will tie the two building
components rigidly together so that they behave as a single mass or employ dampers to
expend the energy from relative motion, with appropriate allowance for this motion.

Shear failure in lowest story

In many buildings the ground level is designed for different uses than the upper levels. Low
rise residential structures may be built over a parking garage which have large doors on one
side. Hotels may have a tall ground floors to allow for a grand entrance or ballrooms. Office
buildings may have stores in the ground floor which desire continuous windows for display.

Traditional seismic design assumes that the lower stories of a building are stronger than the
upper stories and where this is not the case the structure will not respond to earthquakes in the
expected fashion. Using modern design methods, it is possible to take a weak story into
account,

Several failures of this type in one large apartment complex caused most of the fatalities in the
1994 Northridge earthquake.

Typically, where this type of problem is found, the weak story is reinforced to make it
stronger than the floors above by adding shear walls or moment frames. Moment frames
consisting of inverted U bents are useful in preserving lower story garage access, while a
lower cost solution may be to use shear walls or trusses in several locations, which partially
reduce the usefulness for automobile parking but still allow the space to be used for other
storage.

Reinforced concrete column burst

Reinforced concrete columns typically contain large diameter vertical rebar arranged in a ring,
surrounded by lighter-gauge hoops of rebar. Upon analysis of failures due to earthquakes, it
has been realized that the weakness was not in the vertical bars, but rather in inadequate
strength and quantity of hoops. Once the integrity of the hoops are breached, the vertical rebar
can flex outward, stressing the central column of concrete. The concrete then simply crumbles
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into small pieces, now unconstrained by the surrounding rebar, In new construction a greater
amount of hoop-like structures are used. oo

One simple retrofit is to surround the column with a jacket of steel plates formed and welded
into a single cylinder. The space between the jacket and the column is then filled with
-concrete, a process called grouting. Where soil or structure conditions require such additional
modification, additional pilings may be driven near the column base and concrete pads linking
the pilings to the pylon are fabricated at or below ground level.

Brick wall resin and glass fiber reinforcement

Brick building structures have been reinforced with coatings of glass fiber and appropriate
resin (epoxy or polyester). In lower floors these may be applied over entire exposed surfaces,
while in upper floors this may be confined to narrow areas around window and door openings.
This application provides tensile strength that stiffens the wall against bending away from the
side with the application. The efficient protection of an entire building requires extensive
analysis and engineering to determine the appropriate locations to be treated.

Reinforced concrete wall burst

Concrete walls are often used at the transition between elevated road fill and overpass
structures. The wall is used both to retain the soil and so enable the use of a shorter span and
also to transfer the weight of the span directly downward to footings in undisturbed soil. If
these walls ‘are inadequate they may crumble under the stress of an earthquake's induced
ground motion.

One form of retrofit is to drill numerous holes into the surface of the wall, and secure short
L-shaped sections of rebar to the surface of each hole with epoxy adhesive. Additional
vertical and horizontal rebar is then secured to the new elements, a form is erected, and an
additional layer of concrete is poured. This modification may be combined with additional
footings in excavated trenches and additional support ledgers and tie-backs to retain the span
on the bounding walls.

Reinforced concrete post to beam connections

Examination of failed structures often reveals failure at the corners, where vertical posts join
horizontal beams. These corners can be reinforced with external steel plates, which must be
secured by through bolts and which may also offer an anchor point for strong rods, as shown
in the image at left. The horizontal rods pass across the beam to a similar structure on the
opposite side, while the vertical rods are anchored after passing through a grouted anti-burst
jacket.

Another method is to simply add a great amount of small attachment points, as in the wall
reinforcement method described above, with additional rebar and concrete. In one retrofit
every corner joint has been surrounded by a block-like jacket. These blocks serve to transfer
bending forces to new added jackets on the vertical and horizontal elements. The goal is to
achieve the type of strength afforded by the new construction shown at right (this is not a
retrofit).
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One of the most difficult retrofits is that required to prevent damage due to soil failure. Soil
failure can occur on a slope, a slope failure or landslide, or in a flat area due to liquefaction of
water-saturated sand and/or mud. Generally, deep pilings must be driven into stable soil
(typically hard mud or sand) or to underlying bedrock or the slope must be stabilized. For
buildings built atop previous landslides the practicality of retrofit may be limited by economic
factors, as it is not practical to stabilize a large, deep landslide. The likelihood of landslide or
soil failure may also depend upon seasonal factors, as the soil may be more stable at the
beginning of a wet season than at the beginning of the dry season. Such a "two season”
Mediterranean climate is seen throughout California.

In some cases, the best that can be done is to reduce the entrance of water runoff from higher,
stable elevations by capturing and bypassing through channels or pipes, and to drain water
infiltrated directly and from subsurface springs by inserting horizontal perforated tubes. There
are numerous locations in California where extensive developments have been built atop
archaic landslides, which have not moved in historic times but which (if both water-saturated
and shaken by an earthquake) have a high probability of moving en masse, carrying entire
sections of suburban development to new locations. While the most modem of house
structures (well tied to monolithic concrete foundation slabs reinforced with post tensioning
cables) may survive such movement largely intact, the building may be neither level nor
properly located.

[adapted from Wikipedia, the free encyclopedia]




Hw7H @)

ML Bl T2 E R B A 2
96 BERE LIRS ASEHEE

Bl TR
A ¢ BRI

Key Performance Indicators for Strategic Healthcare
Facilities Maintenance

Igal M. Shohet!

Abstract: The salient phases in a facility’s service life that are most decisive for the effectiveness of its facilities management (FM) are
the preliminary design, construction, and maintenance, The effectiveness of facilities s vastly affected by decisions pertaining to the
strategy of the organization that owns or uses the facilities. The goal of this study was to develop key performance indicators (KPIs) for
strategric FM that will provide a conclusive approach towards the facility’s service life conditions. Parameters were developed by means
of ficld surveys and statistical analyses, and were validated by mieans of case studies. The research resulled in a series of 11 KPls for
steategie healthcare FM, which can be classified into four categorics: development, organization and management, performance, and
maintenance efficiency parameters, The siwdy proposes age and oecupancy coelficients as essential parameters (or the assessment of large
healihcare Facilities needs, as an effective measure for long term facility maintenance planning, and for measuring FM effectiveness. The
paper stresses (hat strategic healthcare facilities management must integrate quantitative performance, manpower, and maintenance

indicators.

DOIl: 10.1061/{ASCE)0733-9364(2006}132:4(345)

CE Database subject headings: Case reports; Healthcare facilities; Maintenance.

Introduction

During the past 3 decndes, significant changes have taken place in
the building sector that have led facilities management (FM) to
evolve into a well-defined research and professiona! discipline.
‘The factors coatributing to this development were: (1) a rise in
construction costs, particularly of office buildings and of public,
commercial and industrial buildings; (2) greater recognition of the
influence of space upon productivity {Brown et al. 2001}); (3) a
significant rise in performance requirements; (4) difficulties in
initiating new prajects due to new bureaucratic and statutory re-
strictions; and (5) an increase in the consiruction of high-rise
buildings that results in the building’s performance being highly
dependent on its maintenance, All of the aforementioned trends
are global and have similar implications on facilities management
in all developed countries, These trends have resuited in a signifi-
cant inerease in invesiments in mainlenance, restoration, renova-
tion, and upgrading of existing facilities and infrastructures. In
countries such as the United States, Great Britain, and Canada,
the scope of investments in maintenance accounts for 40-50% of
the activity in the construction sector (International Standardiza-
tion Organization 2000; Mitropoulos and Howel! 2002). In Isragl,
as well, a similar trend is developing, although the scope of in-
vestments in maintenance and renovation of facilities is smaller

'Associate Protessor, Dept. of Structural Engineering. Faculty of
Engineering Scienccs, Ben-Gurion Univ. of the Negev, Beer Sheva
84105, Isracl. E-mail: igals@bgu.ac.il
" Note, Discussion open until September [, 2006. Scparate discussions
must be submiited for individual papers. To extend the closing date by
one month, & written request must be filed with the ASCE Managing
Editor. The manuscript for this paper was submitted for review and pos-
sible publication on Secptember 2, 2004; approved on September 21,
2003, This paper is part of the Journal of Construction Engineering und
Menagement, Vol, 132, No. 4, April 1, 2006, @ASCE, ISSN 0733-9364/
2006/4-345-352/$25.00.

than in the aforementioned countries. As a result of these trends,
a distinct need has emerged for the development of methods for
the strategic management and maintenance of building portfolios,
This trend is salient in the area of bealthcare facilities, olfice
buildings, infrastructures, and road structures. The healthcare in-
dustry, in particular, has witnessed a continuously growing de-
mand for health services. With the limited amount of resources,
the service patterns have evolved (o minimize the number of days
per inpatient admission and thus increase the capacity of hospitals
in terms of annual inpatient admissions (American Hospital
Association 2003; Federal Statistical Office Germany 2003}, This
pattern of health services has placed healthcare facilities under
intensive service regimes that necessitale strategic and tactical
planning of the facility maintenance and performance (Lennerts et
al. 2003).

- The objectives of the study were:

1. To develop a set of key performance indicators (KPls) for
monitoring the performance, maintenance, and cost effec-
tiveness of hospital facilities;

To develop the KPIs for strategic planning: and

. To implement the KPIs in case studies.

W

Literature Background

During the past decade, continuous research efforts have been
undertaken to develop methads for strategic-leve! decision mak-
ing in facilities management. Barreut {1995) emphasized that FM
tends to have a technical, reactive rather than proactive orienta-
tion. The writer proposed a generic model based on the integra-
tion of various EM domains to cbtain a network of interaction on
the operational and strategic level of FM. Pitt et al, (2001) devel-
oped a conicept for the optimization of passenger airport terminals
based on strategic considerations. The researchers proposed an
array of nine key parameters for the optimization of passenger

JOURNAL OF CONSTRUCTION ENGINEERING AND MANAGEMENT © ASCE / APRIL 2006 / 345
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terminals, The suggested parameters included: level of passenger
service, determination of performance standards, characterization
of peak tralfic hours, and the uncettainty of demand. These pa-
rameters emphasize various aspects of performance in the strate-
gic planning ol airports, The other five. KPls specify costs and
specific performance characteristics of airports, The drawback of
this study was that most ol the quantifiable parameters were not
expressed quantitatively, and therefore additional research and de-
velopment are required in order to verify and validate the model.

Barrett (2000} proposed a model for the realization of the stra-
tegic and operational missions of FM using four key relation-
ships: (1) identification of the organizations future nceds by
identifying external changes and their effecl on the organization’s
activity; (2) idemification of core domains in the organization that
are affected by external changes; (3) verification of the organiza-
tion’s current needs by studying the organization’s internal needs;
and (4) internal benchmarking of the different FM divisions, as
well as external benchmarking of the FM unit in relation to simi-
Tar units in other organizations.

Shiem-Shin Then {1999) studied the need for strategic busi-
ness planning to incorporate and integrate facilities parameters of
business delivery. The researcher identilied six strategic concerns
in FM practice: {!) property ponfolio management; {2} strategic
facilities planning guidelines; (3) workplace sirategies; (4) long-
terin asset management; (5) support services manosgement; and
(6} oplimizing uiiization of business resources. The research in-
dicated the need for funher development in order to meet the
above needs.

A stralegic facilily plan (SFP) is a term often used (o describe
the consolidation of FM activities. A long-term SEP is expected
to; (1) forecast facility implications on future business scenarios;
(2} compare forecasts to existing resources; (3) annually updale
the plan and budget to forecast potential improvements; and (4)
support functions of long-term facility planning through long-
range. strategic facilities plans (Langston and Lauge-Kristensen
2002). Klein {2004) defined five phases that characterize any SFP
project; {1) launch; (2) data gathering; (3) analysis/synthesis: (4)
recommendations; and (5) implementation. The analysis phase is
aimed to critically assess the current situation and the long-range
organizational and business directions the facilities are expected
to suppor.

Sinith and Jackson (2000) developed a system, based on arti-
ficial neural networks (ANNs), for the identification of the end
user's needs during the project’s preliminary design stage. Afier
testing the system, the researchers emphasized that the effective
implementation of such a process must involve an organizational
atmosphere that supports a strategic culture.

Smith et al. (2003) went on to develop a methodology [or
strategic needs analysis. The methodology is based on an exarni-
nation of six process characteristics, which were divided into 14
attributes, The researchers based their conclusions on six case
studies, and reached the conclusion that the strategic analysis pro-
cess must be integrated with factors from the organization’s op-
erational level,

Lunn and Stephenson (2000} examined the effect. of tactical
and strategic parameters on the automation of an FM decision-
making process. The model proposed in this study also supports
the integration of strategic and tactical parameters in senjor-level
decision making,

Critical success factors (CSFs) have been widely developed in
a search to determine faclors for successful projects. As the term
CSF in context refers to factors predicting success on projects
(Sanvido et al. 1992) CSFs tend to be process oriented rather than

end product oriented, CSFs of construction projects may be clas-
sified according to five major groups (Chan et al. 2004}): project
related factors, project procedures, project management actions,
human related factor, and external environment. The applicability
of CSFs such as: “implementing effective quality assurance pro-
gram.” *technical solution advantage” for maintenance is yet im-
plicit. Maintenance aspects may be introduced into these CSFs by
implementing principles of maintainability and performance of
the built facility into these CSFs.

The studies reviewed in this survey stipulate that FM must
integrate tools of organizational performance, and cost effeciive-
ness of facility management at the strategic planning level. The
main drawback of the various sludies cairied oul over the past
decade on aspects of strategic management and maintenance of
facilities is that they failed 10 develop quantitative indicators for
strategic decision making, Furthermore. there exists a need to
integrate between the engineeting cost effectiveness and perfor-
mance aspects of these indicators. Thus, this area remains depen-
dent on the abilities and initiative of managers and Jacks proven
quantitative tools and well-based methodologies.

Despite all of the research and development, three paradoxes
regarding FM exist even today: (1) Despite aspirations to turn FM
into & strategic discipline, most of the tools developed and most
of the decision makers active.in the area operate on the organiza-
tion's operational level. (2} Although from a professional point of
view, FM aspires to constitute part of the professional core of the
organization in which it operaies, most of the FM services in the
organization are provided by external consultants or by internal
entities acting as consultants. (3} Facilities management, as a pro-
fessional discipline, aspires to initiale and manage the changes in
the organization, while in reality, FM serves as an agent that
merely reacts to intemal and external needs and constraints
(Price 2002). )

The proposed model integrates KPIs that enable prediction of
future needs, by means of internal as well as external benchmark-
ing, as was determined in previous studies. The paper presents 11
KPIs for the monitoring. management, and maintenance of
healthcare facililies as a basis for strategic and tactical planning
of acute care hospital facilities, The case study presents an analy-
sis and a policy setting of an Israeli acule care hospital facility, in
which this method has been implemented these past 3 years.

Key Performance Indicators

The source of the KPls presented in this paper is an integrated
maintenance management model that was developed and is being
implemented in the maintenance and management of public acute
care hospital tacilities in Israel. The development is described in
detail in Shohet et al. (2003). The basic model was fusther devel-
oped here for strategic decision making in healthcare FM.

Key performance indicators are classified into four categories:
1. Asset development;
2. Organization and management;
3. Performance management; and
4. Maintenance efficiency.
Following is a concise description of the various parameters with
reference to their limplications on facility management and main-
tenance and to their interrelations.

Asset Development

1. Buill area—The built area of a facility has twe opposing
effects: On the one hand, increasing the floor area creates a
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Fig. 1. Occupancy coeflicient (for annual maintenance expenditure}
for different occupancy levels

wide basis for the execution of maintenance and decreases
the expense per square meter; on the other hand, large struc-
tures (high-rise buildings or a large portfolio of buildings
spread out over a wide area) create functional and statutory
requirements for infrastructures (water reservoirs for water
supply and fire protection, sccurity, internal traffic, etc.).
which influence the reinstatement value of the facility per
square meter and increase maintenance expenditures of the
Iacility. In central buildings this has a significant effect in
comparison with the savings incurred as a result of the fa-
cility’s foor area.
Ocuupancy of the asset—This parameter teflects the [acilily's
wear and tear rate. In densely occupjed {acilities (for in-
stance. classrooms that are at times frequented by hundreds
of students per day) the wear rate is relatively high. The
oceupancy of 2 hospital is defined as the number of patient
beds per 1,000 m? built. Standard occupdney in Istaeli hos-
pitals is defined us ten patient buds per 1,006 m?. Examine-
tions performed in Israeli healthcare facilities have shown
that increased occupancy (13.3 patient bed/m?) requires
22% more resources in relation to standard conditions (ten
patient beds). On the other hand, a low occupancy does not
reduce maintenance costs to the same extent, but rather con-
ributes a mere 5% savings in relation to standard conditions.
This stems from the {act that part of the maintenance require-
ments (electdeity, fire protection, clevators, and HVAC) are
statutory requirements or carried out on a preventive basis
that must be fulfilled under any occupancy conditions, Fig. L
depicts the change in the occupancy coctficient (OC) in hos-
pital buildings as a function of the relative occupancy of the
hospital wards, The linear model is based on monitoring ac-
tual maintenance in hospital wards under dilferent occupancy
conditions: ‘The nonlinear model, on the other hand, is being
proposed and still requires further research, The case study in
this paper used the linear model to quantify the effect of
occupancy on facility maintenance,

3. Facility age—The age of the facility or of the building port-
folio has many implications on its state and on the state of its
systems. A database of life cycle of building components was
developed from empirical and statistical research as well as
from existing databases. The effect of the building’s age was
examined by analysis of the annual maintenance costs ac-
cording to the life cycle of building components, as identified
in surveys of energy and construction companies in Israel,
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Fig. 2. Age coelficient (AC,) versus building's service life

and according to additional literary sources (Construction
Audit Ltd. 1999; Building Performance Group 2001). Main-
tenance aclivities were deduced according to guidelines of
I8-1525-1 {Israel Standards Institution 2002). The life cycle
of components is affected by the durability of components
under the appropriate service conditions, for example stone
claddings (designed life cycle of 44 years) versus synthetic
rendering (designed life cycle of 21 years). The latter at-
tribute is often associated with higher construction costs,
nevertlieless it contributes 1o better performance of the build-
ing and reduces maintenance along the building service life.

Fig. 2 presents the change in maintenance costs in relation to
the perennial average for a hospital building with a planned ser-
vice life of 75 years. The vertical axis represents the comection
coefficient for the building’s age (AC,) according to the ratio
between the annual expenditure (calculated according to a mov-
ing average over a 10 year period) and the average perennial ex-
penditure.

It can be seen that in the first 16 years after the commissioning
of the building. the annual maintenance expenditure is lower than
the perennial average and that after that time there are three peak
periods, arcund the 25th, 40th, and 60th years, which reflect the
replacement of the building’s electro-mechanical systems and the
functional adjustments due to obsolescence or mission require-
mnents such as remodeling of spaces. The graph illustrates well the
wide fluctuations that occur throughout the building’s service life,
fluctuations that increase the more abundant the building is in
electro-mechanical systems and interior finishing components.
Thus, when planning the acquisition of an asset or the ongoing
maintenance of an existing asset, the effect of such changes must
be expressed economically. This coefficient influences the plan-
ning of the facility’s maintenance via the allocation of resources
required for such maintenance. The AC, of a facility is calculated
using a weighted average of the individual buildings® ages with
respect to each of their floor area.

The three above-desuribed paramclers enable the identification
of long- and short-term needs that are significant to the mainte-
nance of the facility. Such needs will be expressed by the indica-
tors that are to be developed in relation to facility management,
investments, and the efficiency of resource utilization as foilows.

Organization and Management

This eategory of parameters examines the human and external
resources used in the execution of the building's maintenance,
The indicators that will be proposed are interrelated; the extent of
outsourcing affects the number of employees as well as the mana-
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gerial span of control of the facility manager, and all of these
parameters have an effect on the organizational structure of main-
tenance. Outsourcing is common today in many areas of the in-
dustry, as 2 means of executing activities that are not identitied
with the organization’s core domains using outside contraclors,
who speciatize in the said domain and can efficiently pecform
aclivities in their area of specially (Langston and Lauge-

Kristensen 2002). Such use of outsourcing contributes to savings

in expenditures and to a reduction in the organization's internal

managerial span of control.

4. Numbsr of employees per 1,000 m® built area—This param-
eter reflects the scope of intemal maintenanve employees
used. The number of employees per 1,000 m?® built area in
healthcare facilities in Ismel (in which the average extent of
outsourcing is 41.5%} is 0.64 {or one employee per 1,560 m*
buill area).

5. The scope of FM outsourcing—As mentioned. outsourcing
constilutes an allernative to the implementation of mainte-
nance activities by in-house employees. who require ongoing
management. Outsourcing can serve as a source for the ex-
ecution of seasonal preventive maintenance works, as well as
rehabilitation. renovation, and replacement works. This pa-
rameter is characterized by a maintenance sources diagram
(MSD). which presents the mix of internal and external
mainlepance resources, and expresses the extent of outsoure-
ing (in petcent) out af the total labor resources allocated for
maintenance of the facility.

6. Managerial span of control {(MSC)—This indicutor is defined
as the number of subcrdinates reporting 1o a given supervi-
sor. Tt reflects the scope of managerial resources invested in
the FM department, [n a large FM organization, there will
usually be at least two manageral levels: the head of the
organization {maintenance engineer, who in fact serves as the
facility manager), and the maintenance manager, who super-
vises ongoing maintenance activities and inspects in-house
maintenance crews. The MSC expresses the number of em-
ployees who are directly subordinate to the manager. It was
found in a previous study of MSC in the construction indus-
try (Lavfer and Shohet 1991} that the span of control affects
the way managers divide their time and consequently the
perlormance of the organization, The MSC, therefore, must
be adapted to prevailing conditions. For a typical acute care
facility {80,000 m?) with 50 in-house maintenance person-
nel, the desired span of control at the head of organization
level is no greater than six, while at the maintenance manag-

* er's level the desired span of control is eight subordinates.

7. Maintenance organizational structure—In the past decade,
facilities management has in fact served as a principal means
for the adaptation of the technological and cultural changes
that organizations are undergoing in the postmodern society
(Grimshaw 2003). 1n order to tulfill this role, FM {3 required
to exhibit fexibility in resource allocation, and in adapting
resources o the organization's dynamic needs: initiation and
execution of restoration, renovation, upgrading and rebuild-
ing projects, studying of technological alternatives and their
implications for the organization’s performance, as well as
for the operation and maintenance of assets. A machine bu-
reaucracy 1ype structure, for instance, makes the adaplation
of facilitics to the. organization’s needs more difficult. The
maintenance otganization musi therefore be flexible and ol a
learning nature (Honnecker et al. 1999). Garvin (1998) de-
fined five main activities learning organization are skilled at:
systematic problem solving, experimentation with new ap-

proaches, learning from their own experience, learning from
experiences and best practices of others, and transferring
knowledge elficiently through the organization. The assess-
ment of the organizational structure uses the size of the or-
ganization, its principle structure. the level of absorption of
learning attributes [information and communicalion tech-
nologies (ICT), structured maintenance policy setting. and
life cycle costs approaches]. In addition to the lotter, simul-
taneous analysis of KPIs 4-6 adds essentiu] information as to
the extent of labor, effective MSC at Lhe top of the erganiza-
tion, and the use of outsourcing.

Performance Management

8. Building performance indicater (BPI)—This parameler en-
ables the evaluation of the overall state of the building or of
the building porfolio, according to the performance of its
components and syslems. The indicator is delined by a value,
between 0 and 100, that expresses the building's state, in-
cluding the performance of its various systems {P,). P, is
graded according to performance scales between 0 and 100,
where P, <60 indicates poor/dangerous performance condi-
tion, 60 < P, <70 indicates deteriorating performance condi-
tion, 70< P, =< 80 indicates marginal (70) or satisfactory (80)
condition, and P, >80 indicates good condition. The actual
score for each system (P,) is given on a scale of 0-100, and
is expressed by the following equation. It is composed of
three aspects of facility maintenance: (1) actual conditien of
the system {C,); (2) failures affecting the service provided by
the system {F,); and (3) actual preventive activities carried
out on the systemn to maintain acceptable service level (PM,)
{Lsrael Standards Institution 2002}

P, = CLW(C), + F,W(F), + PM,W(pm), (4]

where W{C),=weight of component condition of system
n; W{F),=weight of failures in system n; and
Wi(pm),=weight of preventive maintenance for system n. For
every system n, the sum W{(C),+W(F),+W(pm), equals 1.
The score C, is evaluated on the strength of a 100 point rating
scale where 100 expresses complete performance score, G0 dete-
riorating, and 40 and 20 failure and poor performance, respec-
lively. The preventive maintenance is evaluated on the basis of
maintenance policy goveming the component, and the frequency
of prouctive inspections carried cut with respect to standards. Fre-
quency of fatlures is evaluated on a scale between 100—no fail-
ure in 12 months, and 20—frequent occurrence (e.g., 12 times in
the last 12 months in a rooling system), The combination of these
three eletments represents the performance score of the entire sys-
tem (P,). Weighting of each building system (W,) in the BPI is
accomplished by weighing the contributions of the system’s com-
ponents (o the total cost of erection, maintenance, and replace-
ment {life cycle costs). Table 1 presents weightings of hospital
building systems. Once the systems’ functional states have been
diagnosed, the BP! is calculated. The BPI is obtained for each
system by multiplying its weight by its score as follows:
0
BPl= 2, P,W, ()

The desired BPI range is BPI> 80, though at such a performance
score, any system or component at a performance score below 70
requires comective maintenance measures, In a performance sur-
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Table 1. Case Study Results of Building Systems Performance and BPI Table 2. Expected Categorics of KPIs .

Building system (W) P, KFl Category
Structure 124 84 Built loor area (n?} 60.000--100.000
Interior finishes 4.8 8.5 Qceupancy (patient beds/1,000 m?) 13=0C=8
Exlerior envelope 5.3 84.2 AC, 1.36=2AC, =053
Fire protection 2.2 5.0 Number of employces per 1,000 m? 0.64

Water and sanitation 16 68.8 MSD MSD=60%
Elevators 4.1 57.1 MsC 6
Electrical systems 12.7 91.7 Organizational structure Leaming
Communications 4.6 82 BPI BPI=80
HVAC 137 850 AME ($/m?) 312
Medical gases 26 100 AME per patient bed ($/patient bed} 3,150

BPI 100 314 MEI ($/m?) 0.52:>ME]1=0.37

vey carried out in public acute care hospitals in Jsrael in 2000, a
mean BPI of 689 was observed, indicating a marginal-
deleriorating condition (Shohet 2003a),

This KPI enables: (1) evaluation of the overall state of the
building; (2} evaluation of the stale of the building's systems; (3)
benchmarking the asset's performance in relation (o other build-
ings or facilities (interorganizational benchmarking); and (4)
benchmarking the building’s systems in order to compare the ef-
ficiency of the various maintenance crews (intracrganizational
benchmarking). Thus, this indicator can be used both for the de-
termination of the organization's strategy (in terms of perfor-
mance requirements) and for decision making on a lactical level,
as well as on the building's systems level.

Maintenance Efficiency

9. Anuual maintenance expenditure (AME) per square meter—
This parameter reflects the scope of expenditore per square
meter built (excluding cleaning. energy, and security expen-
ditures), but with no reference to the building characteristics
and its use. From an organizational viewpoint, this parameter
determines the anpual expenditure on maintenance of the
buildings, and it can also provide a measure of the overall
expenditure on buill assets in relation to the organizalion’s
turnover. From a managerial-professional viewpoint, how-
ever, the expenses must be analyzed in relation to the
building’s characteristics and with respect to the output {the
building®s performance). This examination is carried out in
the [amework of the maintenance efficlency indicator
(MEI), as described below. Precise calculation of AME re-
quires that all expenditures that are not directly related to
maintenance be excluded from the total expenditure, This
means that expenditures on remodeling, upgrading, and en-
ergy are not taken into account,

10, Annwal maintenance expenditure per “‘output™ unit (patient
bed)—This parameter cnables the identification of the scope
of investment per output unit and js important in the assess-
ment of the cost of the facilities and their maintenance per
oulput unit, The parameter enables facility management and
maintenance expenses 10 be added as an overhead cost, to the
organization’s core expenditures. In hospitals, this indicator
will take the form of AME per patient.bed, and in clinics—
AME per 1,000 patients.

L1. Maintenance efficiency indicator (MEI}—This indicator en-
ables one to examine the investment in maintenance in rela-
tion to the facilities’ performance (which is in fact the service

provided 1o the organization by the FM depaniment), The
MEI is calculated by the following equation:

AME L 1
- ME=e BRI o ®)

where AME=actual annual maintenance expenditure:
AC;=age cocfficient lor year y; BPI=monitored building
performance indicator; OC=oceupancy coefficient for the
building or facility in question; and {.=prices index. This
indicator expresses the expenditure on maintenance per
building performance unit, normalized using the age cocffi-
cient (AC,} and occupancy coetficient (OC).

For a hospital maintained at the desired level, we assume a
BPI of 100. The average annual maintenance expenditure (AME)
per square jueter was analyzed 1o be 2.22% of the reinstatement
value of a hospitalization facility which was calculated to be
$1,678/m® built. This AME was calculated to be $37.2 per
annum. Assuming a facility with an age coefficient of 1.00, and
an occupancy coelficient of 1.00 would yield a MEI value of
0.37. The upper and the central value of the desirable range were
deduced from the standard deviation of the MEI for the hospitai
sample population. The MEI values are thus interpreted according
to the following categories:

1. MEI<0.37 indicales lack of resources andlor high efliciency
with which the resources are utilized, or both:

2. 0.52=MEL=0.37 reflecis a reasenable range of mainte-
nance, in which the lower limit indicates good efficiency
while the upper limit indicates low efficiency andfor a high
level of resources; and

3. MEI>0.52 indicates high inputs relative to the actual
performance, Such high indicator values may express high
maintenance expenditures, low physical performance, or a
combination of (hese (wo extreme situations.

Table 2 summarizes the standard values and the calculated KPIs
as developed in the frame of the research. The following section
presents a case study illustrating the implementation of the KPIs
in the analysis of the maimenance of a large Isracli healthcare
facility, as a basis for a strategic and tactical facilities manage-
ment policy setting.

Case Study

In order 1o exemine all aspects of the KPIs, an analysis of a
university hospital's KP1s will be presented. The, data were col-
lected by a tsained surveyor in 2004 with respect to year 2003.
Typical data collection of a facility encompasses performance sur-
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vey (including a sample of five major buildings constituting rep-
resentative sample of 70% of the facility built floor area), a de-
tailed collection of budgetary data, and organizational and
manpower data. Data collection, processing, and validation re-
quire between 40 and 50 h. Typically a healthcare facility KPIs
may change on an annual basis, however it may be better to
conduct such analysis on a biannual basis o allow for organiza-
tional response time,

1. KPI 1; Built area of the healthcare facilities in the hospital—
120,000 m2.

2, KPI 2; Number of patient beds—700; number of patient beds
per 1,000 m® built—six {expected range: between eight and

" 13). This finding means that the relative occupancy is 60%,
and the occupancy coelficient derived from Fig. | for this
facility is 0.95—expected range: 0,95-1.22,

3. KPl 3; The average age of the healthcare facilities is
25 years, age coefficient (average of buildings age coeffi-
cients) from Fig. 2—AC,=1,15—expected range; 0.53-1.36,

4. KPI 4: Number of maintenance employees—I120, conse-
quently the built area per employee (including research labo-
ratory areas)—1,200 m? (national average—1,560 m?) and
the number of patient beds per maintenance employee—35.5
{national average—12.9),

5. KPI 5: Outsourcing of maintenance out of the overali main-
tenance manpower mix (MSD)—30.5% (national average—
41.5% and expected range: MSD > 60).

6. KP1 6: Span of control at. the facilities manager level—9—
expected value: 6.

7. KPI7: The organizational scheme of the facility management
division was drawn and analyzed. It. was classificd as ma-
chine bureaucracy—expected type: learning.

8. KPI 8: Hospital building performance indicalor—BPI=81.4,
Systems exhibiting unsatisfactory performance-—elevators
{P,=51), water and sanitation (P,=69) (Table 1)—expected
range: BPI=80.

9. KPI 9: Annual maintenance expenditure per square meter
built—$35/m? (national average-—$37.2)—expected value
39 (assuming average MEI of 0.44).

10. KPI 10: Annual maintenance expenditure per patient bed is
58,100 compared to a national average of $4,500 and ex-
pected value of $3,750/patient bed. The latier parameter re-
flects the fact thal the hospital is a university hospital with a
relatively large support infrastructure.

11, KPI1 11: MEI=0.40—expected range: 0.52=MEI[=0.37.

Evaluation of Healthcare Facility Management
According to Key Performance Indicators

I. In terms of the number of patient beds, the hospital is con-
sidered a medium sized facility. However, in terms of its
built area, which totals 120,000 m? this hospital is a large
one. Thus, the number of beds per 1,000 m? built {6), indi-
cates that maintenance budgets should be examined primarily
in relation to the built area,

2. The equivalent age of the healthcare facility was calculated
as a weighted average of the buildings in the facility with
1espect to their floor area, and was tound to be 25 years, The
equivalent age coefficient was caleulated using ihe following
expression;

Building Performance Indicator (BPI)

»n T /
MEI4037 ME=0.45 7 | MEI=0.52
o £ 2
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Flg. 3. Building performance indicator of hospital studied compared
with populativn of public acute care hospital facilities in Israel

. X AC*a
— (4)
AG= E @

where AC,;=age coecfficient of building 7 in year y;
a;=f{loor area of building /; and AC,=¢quivalent age coeffi-
cient of facility in year y.
The campus is composed of buildings older than 25 years
together with buildings that are 5-15 years old, The equiva-
lent age coefficient (ACJ,) of the hospital’s buildings portfo-
lto predicts a reduction of 5% in the required resources for
maintenance in a planning horizon of 5 years ({actual
AC,=1.15 and predicted AC,=1.09 in 5 years). In light of
lhls, there is no need to expand the allocated resources; Lhis
value shows that it will be possible to reduce the. resources
by up to 5% and still maintain the actual performance level.
The number of maintenance employees per 1000 m? is 0.85
as compared with a national average of 0.64. It should be
mentioned that the national average itself is high considering
the fact that the maintenance model shows that healthcare
facilities with a low occupancy level exhibit improved per-
formance when (he lion share of the preventive maintenance
is contracted out {Shohet 2003b). -
The MSD shows that the hospital’s manpower mix relies on
in-house labor—only 30.5% of the mainlenance services
are contracted out cowpared with an expected value of
MSD>60%. Such a labor profile reduces the mainlenance
department’s flexibility in mobilizing resources and adapting
execution to maintenance needs, which are not fixed, as in-
dicated by the age coclficiem (AC,).
The span of control at the FM manager's (MSC) level is nine
subordinates compared with the expected span of six in an
average size facility. This span is evidemtly wide considering
the size of the hospital's facilities.
The BPI is related to the hospital’s physical-functional state
and is determined according to a sample examination of
buildings. The indicator (BPI=81.4 as detailed in Table 1}
shows that the physical-functional state of the facility is
good. Nevertheless, two of the facility’s systems examined
were found to be in poor or deferorating condition: elevators
(P,=57) and water and sanitation {P,=69.0). Corrective
maintenance activities of these systems must lake place in
any priority selting plan in this facility,
Fig. 3 presents an examination of the hospital’s BPI
(dependent variable) compared with the annual maintenance
expenditure per square meter after being “normalized” by
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neulralizing the effect of age and occupancy (independent
variables). The gtaph shows the hospital’s performance com-
pared with 18 public hospital facilities. The following
findings are cvident from the figure: (1) the hospital’s
physical-functional state is good, and is the highest among
the population of public acute care hospital facilities in Is-
rael, as measured in the past 3 years; and (2) the MEI value
shows that the utilization of maintenance resources in the
hospital is efficient but can, nevertheless, be improved by
reducing the level of this indicator to (.37,

8, Hospital maintenance efficiency can be improved by modi-
fying the maintenance organization (reducing the span of
control of the facility manager), improving organizational
flexibility, increasing the outsourcing components, while
gradually reducing the in-house labor sources {and conse-
quently reduce the scope of the maintenance organization).
The performance of the facility can be improved by execut-
ing corrective maintenance on the waler and sanitation and
elevators systems,

The deduction of conclusions is realized by the combination of
the lindings from ditferem KPls in cach arca. KPls 4-7 indicate
slack of in-house labor resources, the use of outsourcing is insuf-
ficient (KPI 5), the span of control is wide (KPL 6), and that the
organizational culture needs shifting to a learning type. A combi-
nation of these conclusions outlines the guidelines for corrective
activities in organizational and labor aspects.

The study elucidates that a combined analysis of facility KPIs
can help create a transparent outline of FM activities with major
strengths and deficiencies. -In the case study, a facility manager
can learn that in spite of the relative efficiency with which main-
tenance activities are carried out, and the standard level of expen-
ditures, the combined analysis of organization and management
indicators revealed that reshaping of organizational parameters
(MSC) and the mixwre of labor resources can improve the efli-
ciency of the maintenance of the facility. The use of age and
occupancy coefficients is- essential for assessment of facility
needs, and can be an effective measure for long-term facility
maintenance and for measuring FM effectiveness.

Discussion

Resources required for the maintenance of existing healtheare fa-
cilitics and infrastructures arc expected to increase significontly
within 1 decade. The allocation of resources for maintenance of
building portfolios requires an analysis that is based on the build-
ings’ designation, age, mode of use, performance, designed ser-
vice life, as well as on an analysis of the buildings’ life cycle
costs. This paper presents a set of KPIs for the stralegic and
tactical maintenance management of healthcare facilities, These
KPIs express the buildings® characteristics, human and organiza-
tional maintenance resources, the buildings® performance. and ef-
ficieney of resource utilization for mainienance. The parameters
enable the reliable and fast identification of maintenance needs,
the ideniification of systems that are in failire condition, as well
as setting of priorities for the mobilization and allocation of re-
sources. The parameters enable inter- and intraorganizational
benchmarking of maintenance, and address the following princi-
pal issues in facilities management and maintenance:
1, Facility performance—overall quantitative measurement of
building portfolio performance.
2, Performance of specific building systems—quantitative
monitoting of the performance of specific building systems,

as well as the identification of resources directed toward each -
such system (outsourcing versus in-house resources).

3. Prediction of maintenance needs within a 5~10 year plan-
ning horizon. Such forecasting can serve as a basis for the
planning of building portfolios in the organization and for
long-term planning of facility maintenance and management
budgets.

4, Internal and external benchmarking, on several levels: On the
intraorganizationsl fevel, the contribution of various crews
and the cfficiency of service supplier contmctors can be
quaniified; on the interorganizational level, a profile can be
obtained on the scope of resources allocated to maintenance
and the efficiency of resource utilization. Short-term goals
can be formulated (improved performance, reduction of ex-
penditure and savings) alongside long-term objectives such
as reduction of building portfolio size, development of out-
sourced service provision. and development of a facilities
porttolio.

Quantification of the investment in maintenance in terms of

Sloutput unit {patient bed). Thus, it is possible to treat main-

tepance costs as overhead on the products of the organiza-

tion's core activities.

6. Quantification of the building's operation characteristics:
building occupancy and age of buildings. These characteris-
tics enable one to plan the building’s maintenance as early as
the design stage.

A facility manager can elucidate from the study that a com-
bined diagnosis and analysis of KPls related to facility param-
eters, organizational and labor aspects, as well as performance
monitoring can provide a transparent outline for tactical and stra-
tegic FM. Occupancy and age of a building porttolio are evidenily
key paramelers in setting maintenance short- and long-term plans.
The efficiency of maintenance activities can be measured using
the ratio between annual maintenance expenditures and the per-
formance score of a facility. The annual maintenance expenditure
should be normalized by age and occupancy coefficients.

The model presented in the paper can be improved by the
introduction of additional parameters such as the quantification of
the influence of the climatic environment of the building portfolio
on the facility's performance and maintenance (particularly the
exterior envelope), With proper calibration of its coefficients, {he
model can be implemented on various kinds of buildings: offices,
road infrastructures and highways, public facilities, etc. Such cali-
bration is required 10 the BPI weights and MEI expected catego-
ries, in order to adjust them to the structure, the systems, the
reinstatement value, and Lthe maintenance costs of the facility.
Computerizalion of the model might afford lacility managers with
a facility overview that will enable real-time maintenance moni-
toring. Combined analysis of KPIs can provide guidelines for a
strategic facility plan of healtheare facilities. The model can also
serve as & design tool of building portfolios and for the planning
of FM guidelines on maintenance resource allocation, perfor-
mance, and supply services management. The system may be ex-
panded to additional core topics of FM such as risk, operational
manageiment, and facility development.

by
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