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ABSTRACT

Multi-storey building construction is moving at a faster rate. The tendency of a builder is to
complete the construction in the shortest possible time and the least possible cost. Formwork,
being an important component of reinforced concrete (RC) construction, plays an important role
in the construction of a multi-storey RC building. The horizontal formwork constitutes
components such as sheathing members, joists, stringers, and single-leg shores or multi-leg

shores depending on the condition.

The safety of the structure during construction depends on the load transfer mechanism
from slab to shores, making these components important in the horizontal formwork system. The
selection of shores requires careful consideration and effective usage to ensure the safety of the
structure during construction. To achieve this aim, six different objectives were identified. These
are: (1) to evaluate factors for shores selection in multi-storey building construction, (2) to
analyze the loads on slabs and shores-reshores in multi-storey RC building construction, (3) to
optimize the time of RC work in a multi-storey building, (4) to optimize the cost of RC work in a
multi-storey building, (5) to optimize the time and cost of RC work in a multi-storey building by
maintaining safety during construction, and (6) to evaluate the shore loads with respect to shore
spacing and shore removal pattern. Various analysis and evaluation tools such as principal
component analysis (PCA), analytical hierarchy process (AHP), and genetic algorithm (GA)

were used to achieve these objectives.

For shores selection, the attributes relevant to both single-leg shores and multi-leg shores
were considered. These attributes were compiled from a literature review and discussion with
experts. This resulted in a total of 14 attributes for single-leg shores, while 21 attributes were
compiled for the selection of multi-leg shores. The application of principal component analysis
(PCA) has extracted five factors from the 14 attributes for single-leg shores and seven factors
from the 21 attributes for multi-leg shores selection. The five factors for single-leg shores
selection were: (1) shore characteristics, (2) convenience in shore placement, (3) cost of shore,
(4) availability of shore in the required quantity, and (5) reusability of shore. The seven factors
for multi-leg shores selection were: (1) tower shore characteristics, (2) intrinsic characteristics of

tower shore, (3) availability of tower shore in the required quantity, (4) ease of shore placement,
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(5) shore connection and installation equipment, (6) cost of shore, and (7) reusability of shore.
These factors were further evaluated for their relative ranking using the analytical hierarchy
process (AHP). A framework was further developed to help the decision-maker in selecting the

shores from among the available options.

Subsequent to the selection of a proper system of shores for a project, the analysis for the
load distribution among the slabs, shores, and reshores during construction of a multi-storey
building becomes important from the safety point of view. For this, a computational program
was developed considering the simplified method (developed by Grundy and Kabaila (1963)) to
study this load distribution. The analysis was carried out for three different geographic locations,
i.e. India, USA, and Europe, as the formulae used for the concrete strength development are
different here. It was observed that the strength gained by the slab with respect to the elapsed
time was the highest for Europe, followed by USA, and then by India based on the type of
cement, method of curing, and strength calculation equation. A graphical user interface (GUI)
was also developed by considering the construction sequence for RC buildings to help the users
in comparing the safety of the structure by varying the different parameters such as number of

levels of shores-reshores, cycle time, stripping time, grade of concrete, etc.

The formwork needs to be removed as early as possible because it takes the major
proportion of the total cost of construction and plays a key role in achieving the construction
time. Hence, the developed computational program for load distribution among the slabs and
shores-reshores was modified with a GA to optimize the time of RC work. The objective
function was derived considering the time and safety parameters. It was found that a minimum
M30 grade of concrete is required for speedy construction by maintaining minimum safety
requirements. The optimization of the cost of RC work was carried out considering the
construction of slabs in a multi-storey RC building by maintaining the safety of the structure.
The objective function was developed with the number of levels of shores, the number of levels
of reshores, the grade of concrete, and the overhead charges. The lower grades of concrete, such
as M20 to M30, violate the safety condition for some combinations of levels of shores-reshores.
It was suggested to use more levels of reshores than levels of shores to minimize the cost of RC
work by maintaining the safety of the building. Further, the time and cost of RC work were

optimized simultaneously. The previously derived functions of time and cost were combined



together by the priori approach, and the optimization was carried out by assigning different
priority weights to the two functions. As the cycle time increases, the required total number of

formwork levels reduces, which in turn reduces the cost but increases the time of RC work.

The study was then extended to compare the shore loads for different shore spacing and
shore removal patterns. The simplified method assumes the shores as rigid. 2D building models
were prepared in SAP2000 commercial software to compare the load on rigid and flexible shores
for different spacing. It was found that the simplified method overestimates the average loads on
the shores by 12—16%, but the locations of the levels of shores with a maximum load remain the
same in both the cases. Further, the increase in the shore loads during removal was studied using
3D building models with different shore removal patterns. Row-wise removal of the shores was
found to be the safest way. The most loaded row of the shores should be removed first as it
results in a lesser increase in the remaining shore loads and thus ensures the safety of the

structure.

The study contributes in the form of models to (1) guide a decision-maker in arriving at
an informed decision for the selection of shores for a multi-storey building rather than relying on
intuition alone; (2) decide the number of levels of shores-reshores to maintain safety during
construction; (3) optimize the time and cost of RC work by maintaining safety during
construction; and (4) understand the shore removal pattern without exceeding the capacity of the

shores.

The proposed approach can significantly help designers, builders, practitioners, and
decision-makers (1) to select the proper shores, (2) to find an adequate number of levels of
shores-reshores to optimize the time and cost of RC work, and (3) to provide guidance on the

removal of shores by maintaining the safety of the multi-storey building during construction.

Keywords: Single-leg Shores; Multi-leg Shores; Formwork; Number of Levels of Shores and
Reshores; Optimization of Time; Optimization of Cost; Shore Removal; Multi-storey Building;

Principal Component Analysis; Analytical Hierarchy Process; Genetic Algorithm; SAP2000.
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LIRS

SgHfor Yad fafor dwt T F SR 9 81 ¢ | T AT &1 Ugid o8 I $H I4d 999 3R
HH Y HH GHT AFTd # A0 R HRA ®F 8 | Biddw, Taferd debie (R fHafor &1 we
@YUl U g4 & I, 9g-HfoTa 3R Haq o 40 § T Heayul YT Ay g
&t Birad grad & SMYR TR T HeR, Sigte, TR 3R THd-IR o a1 §g-WR o o
geh! &1 (AU Hrar g |

fAATor 3 SR TREAT &) YRET HR RIFTRUN 03 R W § o dob AR vt g, o
Y veeh Afast WiHgd yumel! & Heayul 81 9d & | a0 & SR a1 &t qRem gffed o
¥ forg gt & g0 R Frayrigde faaR SR U IUTIT &1 e gl & | 39 A&d Bl
Tt R & foT, B SFelT1-31elT SE24) 1 Uga 1 718 ot A §: (2) Sg-wiorel e Fmfor &
del & T8 & oY HRP| BT Jedidhd BT, () Tg-HioTa SRAT Ha fAufor § Wi 3R del-
a9 TR YR $T [IRIN01 A1, (3) Tg-HISTel SART | 3R B &b THY BT SIHTAT BT,

(¥) Tg-HTe FART H R BT BT AN BT 3BT BRI, (W) AT & SR JRefm s1g

TG & GRT Ig-HTa SART & RIS & TG0 3R AT BT SR BT, 3R (§) TH
ffad R T g U & Ty T T UR BT Jed i BT | 37 3641 Bl UTed H & g
faftm fazawor Sk Jeuies Iuawr SN 6 Uge gew fawawor (dikfi), fazawomas
TR UfhaT (TuEh), SR SrgafRie Teriiven (o) 1 SRt s mar Al

del & 999 & oY, Thdl-IR del 3R 98-WR del & fae urifie fagivareff R faer
fopar T Ul 39 faRiwdTsit & U g THitem 3R faRvs & A1y ==t O Gopterd fopam T
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7| 3P URUIMRGEY UHd-UR del & ol $d ¥ v off, safes sg-IRdel & a7 &
forg 33 faRiwaralt &1 Teber fopar T U1 | UE e fazeyor (fEie) & 3de 3 Ued-iR
dcl & T 24 faxivansll # § Ui SR &I IR 9g-UR dcl & 99 b g ¢ fawarsfi # 9
TqTd RGB! P (BT § | THd-IR dcl & I & Ui RS : (3) <P &I faRwareii, () b
T H AL, (3) TP Bl AN, (¥) AP AHT H b DI IuAsdT, 3R (W) P Bl T
TS | §g-UR el o 99 o I1d HRP U: (?) TIaR ¢ B! [ARINAN, () TIaR ¢ &1 SHTdRD
IR, (3) 3MaRaS AT H eIaR e D1 IUARIA, (¥) b M B 3MAM, () T B

3R RITTAT ISR, (&) TF DI ANIA, 3R (9) TH DI G YAIT| 39 HR&! BT fazawo
IS UarIshd Uihar (TTAUT) ST STANT dRab 3! 1ues Fun & forg fosar mar ol
3uasy fdswedl ¥ U dcl ol g o (Ruldedl o1 dag drA & il T T 3 fawRid &t
Ts |

T GRAISHT & ol 9l 3t U Ifrd WOTc! o 98 & d1G, 9g-Hiordl SHRd o HAf
& SR gfedn, Ief 3R TId9T & s HR fIaror & fore faxamor qRem & =fPeion & Hgayuf
Bl ST 81 39 Y, 39 HR fIaR0T &1 31e0aq v & ot WRaiidpd fafd (et 3R Hadl
(2R&3 GRT faw i) W fdaR #Rd gU U Sifiewa HrishH fawRid foar mar ur| faweyor
< SIT-31aT HiFTiferds AT, 3rdfq YRd, smRkerT iR TR & forg fasar 7 €, Fifes 31
fed fasr & o Ut fort o1 aral 9 g8t fd ] | I8 o T foh ufedn g1 v g
& Gy T fedr gRT U drehd IR & ot Ta 34f¥e off, 39 a1g 3T 3R 39 aIg
YR § e & UBR, 3aTS 1 fafe, 3R Qfek] 70T FHiebR0r & SMUR WR | SR ARG &
AT 3y WR faeR oRe Ue UMb d IoR ey (Sigais) i fawRid faear m €, i
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faftar AU st S o acl- Ta1ea & TRl ot TS, Teh THY, 3(cTT B b JHY DI 3l Hd

BT TR D1 IRET ! g1 I3 H STANTH 31 BT Heg Bl ¢ | hebie Bl IS, MM |

BIHadh Bl oleg U Sleg g BI HTIRIH T § Fid I8 HH0 S Hot AN BT TqT
3T < § 3R A0 & T &1 UTed @3- § Agaqul YT fAuTar 81 39fo, ufear sik
del & o R fadR0r & fore fas R g sHa Srfed SR B o THY &1 IH e B
& forg S & 1y I=Nfara foma Tam 41| SE=T THRIE THY 3R JR&T ATUCS] R faaR &

TG o T 1| g Uy 1 o gAaH YR& SaRadhdIsl ol 91 39 d gu =iy Ao &

foTE Sepic & TAaH TH-30 TS & SMaZTHAT Bl & | SR B DI AFTd BT B SXal
DI R& DI §E T §U U Sg-Hiora SR Ha § ufear o a0 iR foar foar i o)
Je3T YHARIE P el & WR ] T, TIaT & TR P AT, Hebic & IS 3R 3aRe S eb
& 1Y faepRyd fora T 4TI Sebic & el Ug, SR b -0 A TH-30, 7cT-RERT & &RI &
FE oI o foTT qRef U T ITee HRdl § | I8 SHRT B YRET B ST 1@ gU SRYT
BT D! AN Bl HH B & 1018 At o W] Y ST TR T STANT B BT GATd fear 1
7| P AT, AR BT & THG 3R AR BT T 1Y 3B Ierd foham T ATl GHT 3R
ANTd & Ugd I 1l ol UTfies S dIv gRT T T1Y SIS T T, 3R &) H1af Bl Sel-

3T YAl HR UaH R SHIHa [l 77 UT| S-S Ieh &1 THT 96 §, BiHad

& TR P AP $d TS U S g, O 9o B AN Bl HH BT § aAfdh 3RY! & HTH

& gAY P Il o
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3T BT TR SITHT-3ITHT ¢ R 3R ¢H g™ & UeH o ol ¢ & UR Bi gl
B o o0 TG 7T UT| TREAGd [afd de) bl HoR A g | STHT-3TT Rfdd & f #oR
3R e 9l TR HR B ga-1 HA o 11T SAP 000 AT WieddR | 3-81 IART HIgd
JOR fHu T 4| ug U T {6 WRelied fafY def uR i UR &Y §-26% A HH HR ol
8, Al SfIHaH HR & TTY ¢ & TRI & M el HHd! H 9 I8d 8| 9P 3T,
B & SR ¢P & HR T g BT SHTT-3(THT ¢ g & Ue & urd 3-8 fafeS area &
IO B T b1 77 7| Al & RV-aR DI a4 GRIGT i1 Uri 17| 7k b ol
1R} g3 Ufad 1 Ugd gl faan S A1fe T Riifeh 399 XY ¢ &1 HR HH B1dT © 3R 39 TR
TR 1 qR& Y gl 3 |

T ATST & U H ANTGH odl § () 3l aqiF IR W HH & Sold ag-Hforal
TARA & forT qf & 9 & fore v gfud vl w ugem o v fofg-fAafar &1 grfes
HA1®]; () A0 & SR QRef T8 T & forg dei-gAdeH & WRI &1 W a8 & (3)
AT & TR YRET ST IGHR R BT & JHY SR AT BT SIH e B, AR (¥) Th
@1 &A1 B UR BT foH1 ¢ goH & U &l 9hs|

Tafad =i fEusRi, fawe?l, fafdce! 3R fAvfa aa arat (3) @ Ty del &1

I B A GG B Idhdl 8, () R B & T 3R AN BT 3IH T B & ol del-
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