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COST-TIME SCHEDULING OF CONSTRUCTION
WORKS EXECUTION

Tadeusz KASPROWICZ'

Dr Eng., Assoc.Prof., Dept. of Civil Eng., Chemistry and App. Physics, Military Univ. of Techn., Warsaw, Polnad
(2 Kaliski St., 00 — 908 Warsaw.49, Poland)

Cost and time are esential parts of construction works accomplishment. According to the existing
circumstances, construction works are analyzed under the deterministic or stochastic conditions. The
deterministic conditions are assummed when random factors can be sufficiently eliminated. In opposite
case the stochastic conditions must be considered. The requirements of construction works execution are
described by using models of construction technology and resources. Scheduling of the works execution
are realized by solving mixed linear programming problems under the requirement. In this paper, these
are applied to cost-time scheduling of the small bridge erection as an example under stochastic

conditions.
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1. INTRODUCTION.

The term of construction works is used here for
defining a set of connected operations of any con-
struction project which must be realized in order to
achieve the customers’ goals. The construction works
execution, however, signifies a process of all opera-

tions currying out. The customer commussions the -
project execution and demands the given results. In -

most practical situations there are a lot of possibili-
ties for the construction works execution. The
problem is how and when to carry out the operations
in existing circumstances by using the resources
being at the contractor’s disposal, to meet the custo-
mer’s goals in the best way. The basic practical
criteria for the selection of the accomplishment po-
ssibilities are minimum cost and the minimum time
of the construction works execution. The execution
schedule fixed by using these criteria separately, are
two different optimum cases. The situation is most
complicated when neither of the single critera solu-
tions satisfies the client. Then, one must find a
compromise solution which is satisfactory. In an
interactive heuristic process the compromise solution
may be found when both criteria are fulfilled to some
extent simultaneously. The approach makes possible
to apply relatively independent models of construc-
tion works execution technology, which can be
worked out strictly from the project accomplishment
point of view, as well as models of the operations
execution resources defining only their accom-
plishment abilities. That means that the models of the
construction works execution technology describe
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technical, technological, organizational and economic
conditions only from the project realization point of
view, such as the range, relationship, extent, accura-
cy and quality of construction works. The models of
the construction works execution resources, however,
describe their whole structure, capability and suitabi-
lity for operations, efficiency or productivity,
consumption of energy or fuel or other resources and
unit performing cost. Depending on circumstances,
individual characteristics of the construction works
and the set of executors, the situation can be conside-

red as deterministic or stochastic 1) .2},

The deterministic situation is assumed when:

_ The technical, technological and organizational
conditions of construction works execution are
certain.

The exact measurement of the size of all
operations is possible.

The needed resources ensure established
efficiency and quality and they are at the
executor's disposal at that moment and for the
whole time of the operations execution.

The state of a facility after each specified
operations execution is entirely determined and
completely attainable.

There are no essential disruptions of construction
works execution.

The stochastic models must be used when there are

some or all following conditions:

e Random technical, technological, organizational

and economic conditions cannot be sufficiently
eliminated or reduced.



o Exact measurement of operations is unfeasable or
inadvisable.

¢ Execution efficiency of operations by the
executors, being at contractor’s disposal, is only
probable or even uncertain.

e Natural or intentional disturbances of operations
execution exist.

¢ Time limit of access or amount of operations
execution resources are random. )

¢ Quality and usefulness of passive resources such
as materials or semi-finished product have a
random character and are detected just during
execution of operations.

o The state of a facility after all specified
operations execution is well described but some
or all of the operations are able to be
accomplished with random productivity.

Under the stochastic circumstances two kinds of
cases are distinguished — the risk situation and the
uncertain situation. In the first one the probability of
all specified events can be determined. In the latter,
the probability of all or some specified events cannot
be determined. Those conditions are important for
choosing the method of modeling and scheduling of
the construction works execution of the given project.

2. CONSTRUCTION WORKS EXECU-
TION TECHNOLOGY

The operations are separated and described depen-
ding on necessary connections and sequence of
events from the project completion viewpoint only -
2 The structure of construction works and each
operation are separately defined and modelled solely
for the sake of the project demands and conditions.
The resources limitations are not taken into conside-
ration here. All distinguished and modelled
operations must be done in technical and technologi-
cal order, so that the project can be accomplished.
The project, from the execution viewpoint can be
devided in some different consecutive or parallel
stages and sets of operations. Each division constitu-
te a single variant of construction works. Each
variant can be analyzed separately but all of its ope-
rations must be done in a determined order - the
variant has the deterministic structure but the opera-
tions can have deterministic or stochastic
characterization. Then, the construction works exe-
cution technology under the deterministic and the
stochastic circumstances can be modelled by using
the following network s =<G, B, L>:

e G=<Y, U P> - aunigraph, coherent, a-cyclic,
with a single initial node and single final node
which describing the structure of the whole con-
struction works and the required sequence of the
operations execution;

o Y =4y, Vaeis Yiros Viou-r Yy} —  set Of ver-
tices of the graph G, representing the events of
starting and ending of each operation u€ U,

e U={u,u,.., Upyeosy Uy uy} — a set of ar-
cs of the graph G, representing relatively
independent operations making up of the con-
struction works;

o P c¥YxUxY - a three-term relation assi-
gning the initial and final vertex of each arc of the
graph G, representing technical and technological
dependence of the operations uEe U,

o B:(¥ x W) > R* — function determined on the set
of vertices y,eY of the graph G, characterizing
the state of execution w e W, after all operations
u€U, c U preceding vertex y,€ ¥ have been com-
pleted (W, ~ the set of parameters and
characteristics of the desired state of a facility at
vertex y;e ¥, after completing all operations pre-
ceding it uel, W= (Wi, Wy o, W o, Wik, W

i=w
={w,}, W= U W, ; U, - aset of operations pre-
=1

ceding vertex y, and decisive to the state W, at this

vertex; R - a set of positive real numbers).
o L:U— R - function defined on the set of arcs u,

€U of the graph G, describing the extent of each
operation. When deterministic circumstances can
be supposed, the constant extent of operations are
assumed, that is /; = const. If one must suppose
stochastic circumstances, the extent of operations
is assumed as a random quantity L, which rece-
ives the given values / depending on current
random interactions.

The mentioned approach indicates that the deter-
ministic models and the stochastic models of
construction works execution technology differ only
with the characteristic of operations u,e U, that is the
form of the function L: U — R*. The risk and uncer-
tainty concern only the execuation characteristic of
operations u,€ U. It means that the desired state w,&
W, of the facility are achieved after correct execution
of all operations u,e U, preceding the vertex y,€ Y. If
those conditions are not met, the additional risk or
uncertainty of timetable or cost execution must be
considered. Such cases are not analyzed here. In the



cases of risk, when the density function or distribu-
tion of probability of random variables L; are known,

the expected values E[L] of those random variables

can be used to compute the schedule of the construc-
tion works execution. This approach is easier and
more effective than the exact method. In the case of
uncertainty, when the exact density function or di-
stribution of the random variables L; are not known,

the expected values E[Lj] can be used if the subjec-

tive probability can be determined by experts. The
models formulated in the above way describe only
technical and technological demands of construction
works execution technology. At the same time it
means that the resource limitations are not taken in
consideration.

3. CONSTRUCTION WORKS EXECU-
TION RESOURCES

Modeling of the construction works execution re-
sources is realized independently from modeling of
the construction works execution technology 1 .2},
In this process the elementary resources (laborers or
specialists, equipment) are combined into the elemen-
tary executors, which are useful in performing the
operations. For such combination are described the
structure, capability and suitability for carrying out
the operations, efficiency or productivity, consump-
tion of energy or fuel and other resources, and unit
performing cost of operations of each executor. The
elementary executors are characterized under detailed
analysis of their skills, and usefulness and needs of
the project and the construction works execution.
Obviously the models can be worked out in advance
for any specialization of construction works execu-
tion and used every time they are needed. Depending
on existing circumstances the deterministic and sto-
chastic models of the resources are distinguished.
The executors are described by using the parameters
or characteristics of executors constant under deter-
ministic circumstances and random under stochastic
circumstances. Under the risk circumstances, the
density function or distribution of probability all
parameters can be determined. Under the uncertainty
circumstances, those quantities cannot be determined.
In this case the models of the resources can be used
only if the experts are able to quantify subjective
probability. The random characteristics of the opera-
tion executors are specific for each type of the staff,
equipment and materials. They are relatively inde-
pendent from random factors of construction works
modelled by using the network S”. The basic sources
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of random characteristics of executors are random
phenomena and random technical, technological,
organizational and economic events caused by cir-
cumstances of the action and individual properties of
the executors.

There are two kinds of elementary resources —
active elementary resources H = {1, ..., A, ..., H} and
passive elementary resources @ ={1, ..., g, ..., Q} . If
the situation is deterministic the quantities z, and z,

of the elementary resources heH and geQ are iden-
tified and described with a given accuracy. Their
amounts and changeability are surely known. If the
situation is stochastic the quantities Z,, and Z, of the

resources hcH and geQ are random variables. They
are identified and described suitably to the random
characterization of the resources. It is strongly su-
ggested to use the expected values E[Z,] and E[Z ]
of those variables.

The active elementary resources are combined into
the permanent or temporary (for the execution of
some operations only) elementary executors
H"={h}, H"cH, H= JH" ,meM, M = {l,

meM
wsm, ., n, ..., M}, Each of the elementary executor
Hy
(individuals or groups) and subset of production

consist of subset of human resources
means H (equipment, machines, appliances or
tools). The relations between the subsets are
described by the relationships H™ = Hg UHS' and

HP~HY= &. The number of the elementary
executors of type meM is the certain quantity z,,

under the deterministic circumstances, and the
random quantity Z, under the stochastic

circumstances. It is suggested to use the expected
values E[Z,] of the variables Z,, as well. Generally,

the elementary executor H™ < H can perform the set
Jr=JT OOl Jg Vg
with given productivity. In this set the following
operations can be distinguished: maintenance

of operations

supplying — je J.', material supplying — je J,',
externally useful works — je J[”, activity waste
utilization — je Jg' and servicing or selling the final
product — je J,;'. At the given moment teT the
elementary executor can perform only one operation,
that is | J™(¢)|€{0,1} for teTand J"(t) < J™ . The

execution of cach operation jeJ™ means

“transformation of the passive resources into the final

product or into the indirect passive resources, or



performing servicing works. During the operations

m
e

execution the maintenance resources ge Q" are used

up. The materials ge @)’ and production ,,in
progress” ge Q" are processed into final products
qe Q) or into another indirect products ge @;" . The
final products ge @, are selled or stored. The
activity wastes ge Qé" are expelled. The subsets of
the resources make up the set of all passive resources
0"=0,00,; V0" U@ U Q. In the certain
period T=[¢’, t''], the efficiency of the operations
execution is assumed as a fixed quantity A7 under
the deterministic circumstances, and as a random
quantity A'j'-' under the stochastic circumstances.

Then, if the execution of any operation starts at the
moment #, and finishes at the moment #, [¢,, t,] < T,

the fixed extent /7(f;) and expected extent

E[L7(#;)] of the opellations execution, can be

calculated by using formulas 1, 2, 3 or 4:
¢ Continuous execution:

17 () = A7 (e —tg) + 17 (to) 8y
E[L7(t,)] = E[A7)(t, ~t5) +E[LT(t0)] (2)
o Descrete execution:
) = T AW + () )
t=tg
E[L7()]= LEATO)+E[L(0)]  (4)

=to
Under the deterministic circumstances, in the pe-
niod [t', t’]eT, the execution of operations j € J™
with the efficiency A7 =const by the elementary exe-

cutor H"eH are characterized by the unit
expenditure pf, ;= const of the active elementary

resources heH”, and the unit production or con-
sumption 7 ;= const of the passive elementary

resources ge Q™ . Under the stochastic circumstan-
ces the unit expenditure P}, of the active resources

heH"™ and the unit production or consumption RZ,

of the passive resources ge @™ are random quanti-
ties. The expected values E[( P} ;1 and E[R7 ] are
suggested to be used as well. Then, the quantities
17'(ty) and E[L7(t;)] describing the processing

- scale of the passive resources ge Q™ after the period
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ty ,t,) €T, duning the execution of the operations
L 2

jeJ", can be calculated by using the formulas 5, 6, 7
or §:
o Continuous execution:

(7€) g, =g {8 i)+

* <l‘;n(t°)>g"x1

(E[L’;(’k)]>g"xl =[E[1§7/ ]lg"x/'" <E[AT]>J'"xl(tk ~h)+

©)

+(EL ), ©)
¢ Descrete execution:

<1;" (’k)) o :é]; ([’ o L’"x/'" <'1T (’)>J”'xl) *
o, o
<E[L§n(tk )]>Q'”xl =§;([E[R$]lg'"um <E[AT(t)]>mel)+
+(ELF ) g, ®

If the elementary executor H™ € H can accumulate
and store the passive resources ge Q" , the quantities
zqg and Zg' must range from the fixed minimum

value z; to the fixed maximum value Z;', that is

m

zg, < 27 < z; under the deterministic circurmstan-
ces or z;< Z7 ‘<z under the stochastic

circumstances. In the opposite case the resources
must be provided from and generated to the external
cooperating systems at the moment of consumption
or production. The just in time” supplying, distribu-
tion and waste expelling system is forced. The states
zqg () or E[z7(t)] of the passive resources
ge Q" at the moment #,, can be calculated by using

the formulas 9 or 10:

(00 o = (7 ) oy 2 () gy
(Eze) |, ~(EZr6w

])Q"xl =< ]>g'sa
The direct cost k?(tk) and the expected direct cost

+{EL70) ., a0

E[K?(tk)] of the execution of the opertaions

JjeJ™ by the elementary executor H" e H after the



period [f,, ] €T can be calculated in the currency
f € F™ by using the formulas 11 or 12:

<k'f"(t")>p"'x1 =[K';J]p"‘u”'<lr(t")>1"'x1 (n

(B0, B, (BT, (12
) K}' (t,) — random variable describing the random
direct costs expressed in the currency f e F™ of
the operations je J™ carried out by the executor
H"eH to the moment £,;

x'}, ;- fixed uni; cost expressed in the currency
f e F™ of the operations je J™ carried out by
the elementary executor H" e H;

K7,

; — random unit cost expressed in the

currency fe€ F™ of the operations je jg"
carried out by the elementary executor H" ¢ H,

E[K7 ;] - expected value of the variable K7 ; ;

Fr=|Fm, g =l
Then, the fixed income d?(tk) or the expected
income E[D7 (t;)] of the elementary executor

H"eH, in currency fe F™ in time [%o. t]€T, can be
calculated by using formulas 13 or 14:

<d? (1 )>F’"xl = [5?,41 F’"xQ,',"(I‘;" (e )>Qg'x1 (13)

(Bw07),, =B g (E U)o, 10
57 - fixed unit price of the product g€ @) in

currency feF”, obtained by the elementary
executor H" e H in the period [t,,1,] €T,

» A7 , — random unit price of the product g € oy
in the currency fe F", obtained by the elementary
executor H" € H, in the period [f,, 1,] €T,

DF(t;) - random income obtained in currency

feF", by the elementary executor H"eH, in the
period [ty ,4] €T,

E[47 ,1- expected value of the random vanable
47.q-

The fixed direct balance u’7(f;) and the expected

direct balance E{U }" (t;)] of the costs and income,

expressed in the currency feF” for the elementary

129

N
x7 yy
K7 a, g (he)
E[K}”,l] EIC';,p] E[U;(’k)]
N
HE
AN 4
or
174,07
7 ) % ELT ()0
o & HY
E{L3(t)), CF
L
re0r —
o HLF 6L
HLZ (L0 ATrpye 2y () Py

or

E[AT],HI?;"J],HZ;"([* )]1HP}ZJ]

7,aHF"

Fig. 1. Integrated model of the elementary executor in
graphical form.

executor H" e H after a lapse of time [to 4] €T can
be calculated by using the formulas 15, 16, 17 or 18:
¢ In individual currency units fe F™

<u’f" (e )>F"'xl - <u?([0)>F'"xl +<d? (e )> i

~<k?(t")>p’"x1 (as)
(Ewrwn) , =EWe) , +
+HEWH),. ~EKFGY) , 16

-U }" (t;) ~ random direct balance expressed in the

currency feF" after a lapse of time [te, 8] €T - the

operations je J™ carried out by the executor

H"eH.

¢ In the currency #€ F™ and the fixed exchange

rate cj , or the expected exchange rate E[{C hrl:
a6 =(chr), (7)) ., an
Erc)=(ECy))  (EWre)) ,, (8)

Ixg
The integrated model of the elementary executor in
graphical form is shown in Figure 1.

M)



4. SCHEDULING OF THE CONSTRUC-
TION WORKS EXECUTION.

If the technology of the construction works of any
project is modetled by using the network 8§ = < G,
B, L >, the execution schedule can be calculated by
determining the following functions in the graph
GY .2
V: Y — R* function defined on the set ¥ of the
vertices of the graph G, charactenizing for each

operation uel, <y,»,uj,yk>€ P the fixed star-

ting moment v, and the fixed finishing moment v,
under the deterministic circumstances or the
expected starting moment E{V] and the expected
finishing moment E[V, ] under the risk or uncerta-
inty circumstances;

X HxU ->{0,1}, T: (Hx U) > R* and
K: (H x U) > R* — functions defined on the set
of arcs u; € U of the graph G, characterizing:

— function X — the deterministic allocation of
the executors H'eH to the operations ueU
(x;n=lorx;,=0),

— functions T and X - defining for the given

set H= |UH™ of the executors, which perform
meM

the operations u; € U, correspondingly: the fixed

duration ¢;,, and the fixed cost k7 ; under the

deterministic circumstances or the expected dura-
tion E[

under the stochastic circumstances.

Finally, the technology and organization of the
construction works execution are described by the
network §=< G, {B, V}, {X, L, T, K} >. The func-
tions T and K are determined on the basis of the
analysis of suitability of the elementary executors for
carring out the individual operations. The functions
V and X for the independent executors (H"~H"= &)
can be calculated by solving the following mixed
linear scheduling problem:

1. Under the deterministic circumstances:

to determine the vector <v, .., V;, ..., V4 ..., Vy,
Xy 15 woos X s XN Rs Xjgrenr™s SO that to minimize
the fixed time and fixed cost of the construction

works execution, that is:
i=W

Tj,,,,]A and the expected cost E{K7 ;]

v=min Y v; (19)
i=1
and
. N -
k=minY¥ ¥ k;, x;, (20)
j=1mERj

130

under the following conditions of the execution:

Ve V2 T by X, for u; eU,(y,,uj,yk>eP,
meR;
V=V, 2 bom X + for H" e H,
=B(l-x,)-D(1-x;,,) m=12,.. @b
v, —v,Zt]m ,m““ <y,, j,yk>eP
-DO-x) ) (ye.u,y,)€ P,
T x; ' u;el,j=12,.,N.
| meR;
L,if the operation u; € U is carried
out by the executor H” € H,
0, in the opposite case.
1,if the operation u; € U is carried
. out by the executor H" € H,
0,in the opposite case.
. x, ={l,if for y;andy,, v, Zve}<y,.,uj,yk>eP
“|0if for y,andy,, v; <v, | (y,.u,y;)€P.
e v,,v,, 20,
e B, D - sufficiently large numbers.
2. Under the stochastic circumstances:
s to determine the vector <E[V}], ..., E[V]],
E[Vi), . E[Vyl, x4, - Xim s s XN s Xpgre s

so as to minimize the expected time and expected
costs of the construction works execution, that is:

E[V] =min S E] 22)
i=1
and

E[K]=min ¥ ¥ E[K,

m) %) (23)
jlmeR ST gm

under the following conditions of the execution:

E[Vk] - E[V:] 2 ZR E[Tj,m] xj,m
me ]

forujeU,<y,-,uj,yk>eP,
EV.]-EV ]2ElT, )%, +| for H" € H,
~B(l-x,)-D(-x,,) | m=1,
E[V,)-EV,12E[T, ,]x, ,, + <y,, J,yk>eP
Xie ~DU=x1) | (y,.u;,y,) € P.
for u;elU,j=L.,N,

249

5 xj’m=1

meRj

. | Lif for ., mf,-lszel}(y,-,u,,yk)e
Y \0,if for y,,y, EV]<EV,) (oo, y;) €P.
* E[V,}E[V, ], E[V}] 20,

P,
P



* R, - the set of executors H"eH suitable for car-
rying out the operations u,€ U,
* B,D,x;, and x,, asabove.
In both cases the mixed Iinear scheduling problem

can be solved as unicriterial solutions when the time
criterion or the cost criterion are taken into account

individually, and as bi-criterial solution when the

criteria are considered simultaneously. The solutions
determine the allocation of the executors for carrying
out the operations and the fixed earliest moment of
starting the operations under the deterministic cir-
cumstances or the expected earliest moment of
starting the operations under the stochastic circum-
stances. The generated solutions can be
accomplished if the needed resources are at the exe-
cutors’ disposal at the starting moment and during
the time of the operations execution. It is not always
fulfilled.

5. IMPROVING OF THE SCHEDULE

The executors H™ eH, meM, can carry out the
operations €U according to the schedule § if the
active elementary resources 7€ ™, and the passive

elementary resources ge Q™ are accessible in a suf-

ficient amount. In the random circumstances those
conditions are not always met. If so, the calculated
expected starting moment E[V] can be delayed. It is

assumed that the activities are rational. Under such
circumstances, the indispensable elementary resour-

ces he H™ and g Q™ are available at the expected
moment E[V;? ]=E[V], and that the expected delays
E[AV] of the events y,eY are equal the expected
resource delays E[AV}?]. Hence, for the independent
random variables T;, and 4V;, the computational
expected duration can be celculated by using the
formula E[T},]=E[T;,]+E[4V;] with the variance
Var(1},] = Var[T,]+Var[AV]. The influance of
the resource delays E[A¥V;”] can be determined by

solving twice the formulated above scheduling pro-
blem: first using the expected duration EfT, ], and

the second using the computational expected duration
E[T/,]. In this way the allocation of the executors
H"eH and the earliest starting moment E[V]] and

E[V;?] for all operations are calculated. Next, the
network § = <G, {B,V}, {X,L,T.K}> can be analy-

zed for both situations by using the approach
representative of the well known PERT method. But
in this case, when there are the resource delays
E[AV?] >0, the starting moment E[V?] of the
event y €Y is uncertain. The delay of this event de-
pends on the resource delays only, that is E[AV,] =

E[AV{?]. The disruption and in the aftermath the
delays E[AV]] of the next expected earliest starting

moments E[V;? ] of the events y;e ¥ are generated by
the random technique, technology, organization, na-
tural or system conditions of the construction works
execution as well as the random accessibility of the
needed resources.

6. EXPLANATORY EXAMPLE

The small bridge erection is considered as a con-
struction project. The construction works execution
technology of the bridge erection is modelled by
using the network §” = <G, B, L>. The contractor,
under the existing circumstances, determines the
elementary executors H €H available and suitable
for carrying out the individual operations u,€ U of the

network ST . Then, the fixed duration ¢, or the

Jun

expected duration E[ T} , ] and the fixed cost k}", jor

the expected cost E[ K 'f" ;] are correspondingly esti-

_ mated. One must note that the contractor may have
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more than one executor for any of the operations.
The desirable allocation of the executors H" < H to
the operations u;€U and the fixed earliest starting
moments v; or the expected earliest starting mo-
ments E[V;] can be fixed by solving the above
described mixed linear scheduling problem. In this
way, the network § =<G,{B,V}, {X,L,T.K}> is fully
defined, that is the schedule of the construction
works excution is determined. If the resource disrup-
tions exist, the schedule must be improved for that
reason. With this end in view the expected delays
E[AV? }=E[4V;] and the computational expected
durations E(T},1= E[T;,]+E[4V]] are defined
for each operation u,c€U and the suitable executor
H"cH.



Table 1 List of the technological operations of construction works, the expected durations and the expected

costs of the operations execution by the available and suitable clementary executors.

Execution when | Execution under
Opera- . the resources are the resource
tions Nodes Names of operations E)t(ecu- fully available disruptions Notes
o Expected|Expected|Expected |Exepcted
duration | cost {duration{ cost
1 2 3 4 5 6 7 8 9
1 1-2  |Development works 1 25 15 28 25
2 2-5 JEarth works at abutment No. 1 2 22 28 24 28
3 16 22 18 32
4 12 45 14 45
5 5-7  |Shuttering of abutment No. 1 7 48 55 50 55
8 40 62 42 62
9 34 70 36 70
7 7-9  JReinforcement of abutment No. 1 10 80 90 83 90
11 72 100 75 100
12 65 130 68 138
9 9-11 ]Concreting abutment No. 1 13 3 20 4 30
4 4-6 |Earth works at abutment No. 2 2 20 28 26 28
3 12 35 18 25
4 10 36 16 36
6 6-8  JShuttering of abutment No. 2 7 45 50 521 50
8 36 56 42 56
9 30 65 36 65
8 8-10 |Reinforcement of abutment No. 2 10 76 80 86 80
11 68 92 78 92
12 60 125 70 125
10 10-11 §Concreting abutment No. 2 13 2 20 3 20
3 3-11 |Preparing the auxiliary intermediate 5 15 28 17 28
support 6 20 20 22 20
11 11-14 {Shuttering of the bridge span 7 52 48 - 35 60
8 42 70 51 70
9 40 80 42 80
14 14-17 [Reinforcement of the bridge span 10 90 110 95 110
11 80 120 84 120
12 70 140 73 140
17 17-20 fConcreting the bridge span 13 3 40 4 40
12 12-15 [Shaping the embankment 2 35 30 38 30
|at the abutment No. 1 3 30 34 33 34
4 24 40 26 40
15 15-18 |Preparation of the roadway bed 14 11 12 12 12
at abutment No. 1 15 8 16 10 16
18 | 18-20 |Execution of the base course for 14 12 10 14 16
the approache to abutment No. 1 15 9 18 10 18
13 13-16 {Shaping the embankment 2 20 20 22 20
at abutment No. 2 3 18 24 20 24
4 16 30 18 24
16 16-19 [Preparation of the roadway bed 14 7 8 8 8
at abutment No. 2 15 5 10 6 16
19 19-20 |Execution of the base course for 14 12 10 12 10
the approach to abutment No. 2 15 9 18 7 12
20 20-21 |Laying the bridge roadway 16 7 20 8 20
21 21-22 {Finishing works 1 30 20 33 20

132




Fig. 2. Network model of the construction works execution technology

Table 2- The schedule of the construction works execution — the compromise solutions.

Execution when the resources | Execution under the resource
otpera- Nodes Names of operations are fully available disruptions
ions Execu- Expegted Ex?ec.ted Execu- Expes:ted Expec}ed
tors starting | finishing tors starting | finishing
moments | moments moments | moments
1 2 3 4 5 6 7 8 9
1 1-2 |Development works 1 0 25 1 0 28
2 2-5 |Earth works at abutment No. 1 4 25 37 4 28 42
5 5-7 |Shuttering of abutment No. 1 9 37 71 8 42 84
7 7-9 |Reinforcement of abutment No. 1 11 71 143 10 84 167
9 9-11 JConcreting abutment No. 1 13 143 151 13 167 171
4 4-6 |Earth works at abutment No. 2 3 25 37 3 28 46
6 6-8 |[Shuttering of abutment No. 2 8 37 73 9 46 82
8 8-10 JReinforcement of abutment No. 2 10 73 149 11 82 160
10 | 10-11 |Concreting abutment No. 2 13 149 151 13 160 171
3 3-11 |Preparing the auxiliary intermediate support 6 25 151 6 28 171
11 | 11-14 |Shuttering of the bridge span 7 151 203 7 171 206
14 | 14-17 |Reinforcement of the bridge span 11 203 283 11 206 290
7 {1720 {Concreting the bridge span 13 283 286 13 290 294
12 {12-15 {Shaping the embankment at the abutment No. 1 2 151 186 2 171 211
15 | 15-18 |Preparation of the roadway bed at abutment No. 1] 14 186 197 14 211 223
18 | 18-20 |[Execution of the base course for the approache to | 14 197 286 14 223 194
abutment No. 1
13 | 13-16 IShaping the embankment bed at abutment No. 2 3 151 169 2 171 191
16 | 16-19 [Preparation of the roadway bed at abutment No. 2f 14 169 176 14 191 199
19 [19-20 |Execution of the base course for the approache to [ 14 176 286 14 199 294
abutment No. 2
20 |20-21 |Laying the bridge roadway 16 286 293 16 294 302
21 _|21-22 [Finishing works 1 293 323 1 302 335
Solving the scheduling problem for the corrected 7. FINAL CONCLUSIONS.

data, the new allocation of the executors and the
earliest expected starting moment are determined.
The main data of the construction works execution
technology are included in Table 1. The graphical
model §7 connected with the data is presented in
Figure 2. The claculated results when the needed
resources are fully available and when the resource
disturbances exist are shown in Table 2.
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The method of cost-time scheduling presented above
applies to the modeling and scheduling of construction
works execution under the deterministic and stochastic
circumtances. But in a practice it is possible only by
using the computer scheduling system. Such system
has been worked out. The data describing the construc-
tion works execution technology, the available and
suitable resources, that is the network §7 = <G, B,



L>, the functions T and K must be prepared by
specialists who know the technical, technological,
orgnizational and economic problems of the con-
struction works execution of the given project.
Entering the data into the computer system is easy
and can be done almost by anyone. The data and
the set of the acceptable solutions are automatical-
ly analyzed. The unicriterial and bi-criteria
solutions are generated. The method can be easily
expanded into multi-criteria method by using also
other criteria simultancously with the two used
above. The submitted example of the small bridge
erection illustrates the case of scheduling under
risk circumstances. It indicates the differences
between the solutions when the needed resources
are fully available at the expcted starting moments
and when the resource disruptions exist. The diffe-
rences concern the executors’ allocation, the
expected starting and finishing moments and the
probability of the final deadline of the construction
works excution. This information enable one to
evaluate the process of the execution and, if nec-
cessary, to make corrections. The method is
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important for analyzing the cost and time of the con-
struction works execution from the following
viewpoint: the minimum time, the minimum cost and
the compromise way (the minimum cost and the mini-
mum time simuitaneously) of the execution. In the
explanatory example — respectively: 289 days and 954
thousand zlotych (Polish currency), 618 days and 744
thousand zlotych, 323 days and 809 thousand zlotych.
In the case of uncertainty the method can be used when
the subjective probablility for all mentioned above
quantities can be determined. The described above
problems are currently researched.
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