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ABSTRACT

One of the most accepted composite structural construction materials used globally to build
infrastructure and shelters is reinforced cement concrete (RCC). Formwork is essential to
RCC construction, ensuring concrete structures are cast precisely and accurately.
Determining the duration necessary for removing formwork is a significant concern in
reinforced concrete construction, as safety and cost-effectiveness rely on it. The removal
of formwork should be delayed until the hardened concrete has attained adequate strength
to withstand all applied stresses. The duration of removing the formwork is mostly based
on the types of cement and concrete grade, as well as the ambient temperature and relative
humidity. There is a scarcity of scholarly articles and other sources specifically addressing
the duration required for removing formwork from RCC constructions. Furthermore, there
is a dearth of studies, which investigates the impact of temperature on the duration required
for formwork stripping. Hence, the author employed an experimental methodology to
ascertain the duration required for removing the formwork from RCC structures under

varying ambient environmental temperatures.

The study initially entailed thoroughly examining the provisions in the codes of
India, Britain, the United States, Japan, Germany, and Uganda concerning the duration
required for formwork to be removed. It has been observed that there is a lack of
consistency among countries regarding formwork stripping time. Certain codes depend on
attaining a minimum level of strength, while others rely on establishing the minimum
duration for stripping, and some codes describe both criteria. The results of my study
indicate that most codal provisions do not provide specific guidelines about stripping time

when the temperature is below 15°C.
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Certain codes recommend field testing and non-destructive tests (NDTs) to
ascertain the duration required for stripping, especially when there are deviations from the
parameters indicated in the standards. Typically, for structural elements that bend, it is
advisable to remove the bottom formwork once the freshly poured concrete reaches a
compressive strength that is 70% or greater than the intended strength. The duration for
removing the formwork of various concrete components, as outlined in the codes of
practice adhered to in different nations, ranges from twelve hours to twenty-eight days.
Nevertheless, certain regulations have specified the duration for removing formwork based
on the compressive strength of the concrete in place, ranging from 3.5 MPa to 14 MPa

(N/mm?).

Based on the experiments conducted by the author, removing the formwork for
vertical concrete structures within a time frame ranging from 6 hours to 5.5 days is
necessary. The specific duration depends on the type of cement used and the temperature
range, which can vary from 0°C to 45°C. The duration for removing horizontal formwork
varies from 2.6 to 124.4 days, depending on the cement grade and the ambient temperature
range of 45°C to 0°C. It is important to use caution when removing the formwork to avoid
excessive stress and potential damage to the concrete, particularly when the surrounding
temperature is below 15°C. This is due to the lack of guidance in many standard codes of
practice regarding the appropriate period for stripping when the temperature is below 15°C.
Based on the laboratory findings from this study conducted at IIT Delhi, it is recommended
that nominal mix cement concrete should possess a compressive strength exceeding 3.50
MPa to safely remove the vertical formwork in concrete made with ordinary Portland
cement (OPC). For concrete made using Portland Pozzolana Cement (PPC), the

compressive strength should be at least 3.25 MPa.



Nevertheless, variations in material properties, environmental circumstances, and
construction techniques might influence the time of the stripping process. This study
investigates non-destructive testing techniques to ascertain the optimal timing for removing
formwork without causing harm to the concrete structure. This research utilizes rebound
hammer and ultrasonic pulse velocity (UPV) measurements technique. In the case of
flexural members, the bottom formwork should not be removed until the hardened concrete
reaches a compressive strength of at least 70 percent. A minimum strength of 3.5 MPa is
required for vertical concrete elements to prevent spalling of concrete. Based on these
criteria, this study suggests that the formwork should be removed when the rebound number
(RN) exceeds 3.0 units and the ultrasonic pulse velocity (UPV) is greater than 2.6 km/s for
vertical components. For flexural concrete elements, it is advised that the RN and UPV
values exceed 15.0 units and 3.0 km/s, respectively. The proposed technique offers a more
reliable and accurate way of evaluating the time at which formwork can be removed,

considering different atmospheric conditions and variable compositions of concrete.

The optimal efficiency in RCC construction is attained by removing the formwork
as soon as feasible while ensuring that there is no damage caused to the concrete. This study
aims to assess the efficacy of superplasticizers and nanomaterials in the fresh concrete
mixture for decreasing the time required to remove the formwork from reinforced concrete
structures in cold ambient temperatures (below 15°C). According to the experimental
investigation, 0.5% superplasticizers combined with 1% Nano-colloidal silica (NCS) can
effectively reduce the time required for stripping, resulting in lower formwork expenses.
This effect remains even when the ambient temperature falls below 15°C. Vertical
formwork significantly reduces the time needed for formwork stripping, decreasing it from
4.5 days to just one day within the 0-5°C temperature range. However, the time required to

remove the slab formwork is reduced from 54 to 37 days at 0°C. The cost analysis
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demonstrates that by incorporating 0.5% superplasticizers and 1% NCS into the concrete,
the total cost of RCC can be decreased due to the reduction of formwork expenses. This
study presents the initial results of experiments carried out in a concrete laboratory to
ascertain the compressive strength and extraction time for formwork removal from vertical
and horizontal concrete elements using Destructive and Non-Destructive Tests.

The research determines the formwork stripping time for members made of
reinforced cement concrete at different temperatures. This information can be used by
practitioners in the RCC works carried out at different temperatures, more so when the

temperature is below 15°C.

Keywords: Admixtures, Ambient temperature, Cement, Concrete, Cost analysis,
Destructive tests (DT), Horizontal and vertical formwork, Maturity of concrete,
Nanomaterials, Non-destructive tests (NDT), Rebound hammer (RH), Stripping period,

Superplasticizers, Ultrasonic pulse velocity (UPV).

vii



IR
AT R T ST SR 3yl o1 i e & o uged ey Wied IE
WRaES o g & @ T geford @i doie (SIRAR) g1 Brifas SR
fmior & savues ©, U8 YRYd HRd gu P Hwic Warsh ol Il SR ggl ¢l
ST 7T 3| BTHadh ge & [T Savas 9wy YRy yafed debie o § ue
Hedqul fod &1 fawg §, Fife qRem iR anmd-uHasiiaar 39 R AR a=at gl
BHAD B dd dP ol 5l ST AIMGT Sd T fob HSR dhebic TaTa Yfekd UTed gl
R AT § dTfeh It AN aH1a! 1 T8 a1 o 9 | Briadh ge &1 Safy g &4
Y e & UHR SR Bepic IS, WY 51 URART & ATIHM 3R JTUE SATeal TR SR
gl 8 1 SR FHivr & Wi e o g sffawge safdl iR fa=iv &0 § == b
aTat fagargul aat 3R 3= Hidl &1 T § 1 SHD SHTTaT, ATTH BT WD R &1
3fAfy TR THTG BT ST B aTdd e Bt |l BT g1 3T, TP  URAW &
fafirs I & ded SRR SRSl ¥ BrHad g & T Sia=ae 37afdl &1 dl
T & {10 Teb TN Usgicl T IuaiT foba|

T B URH T HRd, e, Igad 3wy, ST, STEA, SR el & $ie § Badh
§CH B Sl & Hey T UraTHT 1 Mg UIefu1 A UT| T§ ol 741 § b rHadh
Rt Tma & Hay § <=1 & o1 SR &1 HHI 8 1 $B DIe FIaH WR &1 fad U
A R R B §, Tl 3 gray Refth safd wifid 7 R R #a §, 3R
$O BIS gl AFCS! BT guH FRd ¢ | TR 3HTT o IRUMH §d1d § & D His
YIGY™ YA 15°C ¥ i 81 R Refin v & aR | Ry - 78t uem
FRAE | PBD DI &F THE0T 3R TR-FAATIHRY TRteror (NDTs) &1 RIeTR= 6% g difs
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gg YAIET far o1 b fob Arept | ST AUdsT ¥ famrer g W Reftn & fow
SfTag e fafey 1 MR fBar S Jd | SR WR, P aTdd WRAIEHD dadl b 11,
Ig g & SITcht ¢ o TS ATl gTen a1 dhebic Afard fad &1 70% 1 S99 e
TS e UTed IR o, ) -id &1 Bhriass gel faar oe | fafis debic ucdhi & BrHds
g o1 3rafy, faftrs Iyt § ey fhU T Slel # Sfediiad, IRE °e H 3rged il
@ gt g1 TR off, Fes faframt 3 a1ge R dpic o1 WUiteH Mfad & YR R BTHds
g™ @ 3afy fAfdy &t 8, S 3.5 MPa § 14 MPa (N/mm?) T Bt g |

AEP GRI T TTT TN & STUR W, AGad depic TXa1SH & BIHID Bl g & f1g
6 ¥ ¥ 5.5 faAl & HidR U qoa AT Simaas ¢ | faflkiy srafty ugad Wide & UaR
SR AToHT A TR AR el &, S 0°C § 45°C T B Tl ¢ | &frol hras ge
1 37af¥ 2.6 F 124.4 fa1 dep =1 BYcit 8, Sl HiHe IS 3R URAw d1owH HiA 45°C 9
0°C R AR Fll 5| BrHdD geId THY AT TG 3R FHIIT &ifdd J g & fow
YT SR Hedqu! g, faRiy &U ¥ Sa uRax dT9dM 15°C ¥ = 811 98 &8 AFd
31 Blst H Iferd 3rafel o forg fem-Fd=il @t et & SR § & UM 15°C |
e g1 e facelt # fobu 7T 39 S1eqg & UGNTRITC Fshsl & SUR W, T8
SR Bt ST § o AT frgmr Wide debie ol YA Uidds e (OPC) & I1Y
ST Hebic H aadd BIHAP DI YRI&d ¥4 H g o [aU 3.50 MPa ¥ 3Hf® ddied
TIfad g1 TR Uide's UIiiarT TiHe (PPC) BT IUTNT b ST T Sl & forg,
Tt 2rfad HH Y HH 3.25 MPa gIH1 aniel | iR +ff, areht 1o, uafavuita ufkfRufaa,
3R fafor gt & fimarsil &1 fefth uftrar & THg R gvTd 81 9l g
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g 3T TR-IATIBIRY THefor qh-Ih! B g el § 1 BTHID geH & S
99 &1 FYRT fasar 51 9 o1 dople WaT & JHH ugan| I8 Y Rass
BUIST 3R SeeAfe U AT (UPV) T ddb-iidh &1 YT Hdl 8 | Faidl el &
AT H, O dP HAR Hepic HH U HH 70 Wiawd Hdte Wfed U gl H= odl, dd
% 1d &1 BrHad gl g ATl | Iaad debic dal o ol gAdH 3.5 MPa Rifad &
ARGl BIcll § dlidh DHebic DI BIAH DI AT ol Ueh | 37 AMGS! B YR |, TT
T GG <1 ¢ b Brifads & 99 ger ST d1fet e REds It (RN) 3.0
SHTA! Y 3P B 3R Taad ged! b [T SfegrIe Ued 3T (UPV) 2.6 Tl
Y 31 B1| el ebic dcdl & oY, Tg wemg dl Sifct & fb RN 3R UPV A 15.0
3Pl 3R 3.0 TGS ¥ e g, HH:| T do-ie fafte argHsd
fRUfT SR bl &1 IR TS ! e H @ gU BIHID Bl g2 & G0 BT 3HfAH
fayia oIk Tt adiet Uer Fxdt 81 Rec fmfor & Syay et a9 I &t ST §
STel THadh ! foraHl Sieal g1 Yob gl e o, Safes ug e wrd gu b dbic
B PIs JHUM ol g &l

g Y 38 UNAY dIHM (15°C ¥ ) H Uaferd debie T3 ¥ BHdd ge
& foTT 3aRgs THY &) HH HR & ol dToll depie [0 § YIREIRETEeR 3R
ATHRUE B UHIIHIRGT BT 3held B B I [adl 8| THS o &
TR, 0.5% JORWIREHZOR Bl 1% AHl-HIdazed Rifddl (NCS) & i fam 4
et & forg siraxas THg &1 THId &1 3 1 fohar o 9ol 7, fSras wrfad @t

H BT 3Tt g1 T8 YU ad i §977 Igd1 § ofd URa= &7 drudM 150C T < 81| daad

THach HTHdd iU & folT STa<aed THd & B! 8¢ db HH HR &l §, 39 0-5°C



A T o IR 4.5 faT 8 geThR bdd T 13 3R &l 1 gIaifh, Tid Wiadh
&1 g & [T TS THY 0°C TR 54 W 37 &1 b & g1 Sf1all 5 | AT fa=eroor &
Tl 9T & [ 0.5% YORWIRCHATSIR 3R 1% NCS Bl dHebic H A B, BrHadDh
T4l B HH b HRU G RCC B AN DI &Y haT off Tehdl g |

I8 AT [FAISRY 3R IR-FATRIBRT Wil BT IUAN I dead SR Qe
Hoblc ddl A BIHaD geM & fan T wfdd iR s yur gwa &1 udl @ & forg
SHepic TARTRIET # forT T 9T & URIYS URUMH TRgd @l ¢ | g8 fafve
AqHHET IR Yaferd dide dbic ¥ a4 Farll & o wrdad Rt awg o1 RyRor
BT 8| 39 SR BT FUTNT fafHe qToH! TR fobT 71T ReC Pl H Ui gRI
fo T o apell @, fIY &0 A &d dIgAH 15°C 4 2 811

Holl Wea: TSHRTEY, GRAR &1 AUEM, HiHe, dHeble, AN [aRav, fARIeRY
Tefur (DT), &fAS 3R daad WiHad, Hebie &1 aRusar, TR, R-eRt
Tieror (NDT), REISS BT (RH), fefti 3afy, guRwafRearssr, sfegriiAd el i

(UPV)

X1



CONTENTS

CERTIFICATE .......c.ooiiiiiii e i
ACKNOWLEDGEMENTS ...t il
ABSTRACT ... s v
£ 124 1 OO viil
CONTENTS ..o xii
LIST OF FIGURES ..ot XX
LIST OF TABLES . ...t XX1V
LIST OF ABBREVIATION .....oooiiiiiiiiiii e XXVi
CHAPTER 1 INTRODUCTION ........ociiiiiiiiiiiii s 1
1.1 Background ................ccoooi 1
1.2 Research Gaps and Motivation.................cccccooiiiiiine e 5
1.3 Research QUEeStiONS ..............cccooviiiiiiiiiiii e 7
1.4 Research ODJeCtiVes ..o 7
1.5 Research Methodology ... 8
1.6  Organization of the Thesis ..................ccooiiiiii 9
1.7 SUMMATY ...t 10

CHAPTER 2 CONCRETING AND FORMWORK -TRADITIONAL PRACTICES

IN RURAL AND SEMI-URBAN AREAS ... 13

2.1 INEEOAUCTION ..ottt e e e e e e et e e e e et e e e e eeneeeeeens 13

Xii



2.2 FOrmworK PractiCes .......ooiiiiviiiiiiiiii ittt e et e et s e s ea e e s eab e eaens 13

2.3 Concreting PractiCes ..o 22
2.3.1 Mixing of ingredients 0f CONCTELE...........cueriiiiiiiiiiiii e 22
2.3.2 Pouring of fresh CONCTELE ........ccuviiiiiiiiiiiciici s 25
2.3.3 Curing of hardened CONCTELE ............cueiriiiiiiiiiiieree s 28

24 N 1) 11011 ) ) TSP PP PPP T PPPPRPRPPPRPN 31

CHAPTER 3 LITERATURE REVIEW ........ccccooiiiiiiiiiii e 33

3.1 Back@round ..............coooiiiiiiii 33

3.2 Types of FOrmworks ... 34

3.3  Factors Affecting Formwork Removal Time..............c.c.ccccooiiiiiiniinn. 35
3.3.1 Effect of ambient temperature on stripping time ...........ccocceevveriveereenieenne 37
3.3.2 Use of nanoparticles in CONCTEte MIX.......cccvvvreierriiierieiiieesiesiee e 40
333 Role of admiXtures in CONCIELE .......ccvuvervieiieiiie et 46
3.34 Effect of curing on CONCrete..........oveiveiiieiiiiic e 50
335 Type and grade of CONCIEE .......evvvviriiiiieiie e 52

3.4  Tests to Find the Strength of Concrete...................cocoooiiiiiiiiii 53
3.4.1 Non-Destructive test fOr CONCIELE .........eeiviriiriiiiiieiieeiee e 54
342 Destructive test for concrete (Compression Test) ..........ccevveerieeiiieiieeninnnn 59

3.5 Concrete Maturity Concept............coccoviiiiiiiiiiii e 61
3.5.1 Use of maturity method in formwork planning in construction ................ 63

3.6 Removal of Formwork...............cooooiiiii e 66

Xiii



3.7 Concluding Remarks and Research Gaps.............c.cccccvvviieniinniiie e, 67

CHAPTER 4 RESEARCH METHODOLOGY .........cccoociiiiiiiiiiiii e 71

4.1 INEEOAUCTION ... ettt e ettt e e et e e e e e e e eeeatereeeentareeeens 71

4.2 General Experimental Set-up for Determination of Research Objectives .71

4.3 Methodology for Research Objective -1..............ccccooiiiiiiiiiii e, 73
4.4 Methodology for Research Objective -2..............ccccco oo, 75
44.1 Stripping time estimation for vertical concrete members.............ccoceeenee. 76
4.4.2 Stripping time estimation of horizontal concrete members ....................... 76
4.5 Methodology for Research Objective -3..............ccccoeiviiiiii e, 78
4.6  Methodology for Research Objective -4................ccccooviiiiiiiii e, 79
4.7  Methodology for Research Objective -5.............c..ocooiiiiiiii, 80
4.7.1 IMIX PTOPOTEIONS 1.vvvviestiiesiiieesiriesineesbeeessbeeessbeeessbeesssseesssseesssseessssessnseeesnes 80
4.7.2 Calculation of stripping time for vertical formwork............ccccovviiiiennnn, 81
4.7.3 Calculation of stripping time for horizontal formwork ...............c.coceeee 82
4.8 SUINIMATY ......oiiiiiiiiiiii et b et b e b e nae e nre e e 82

CHAPTER 5 COMPARISON OF STRIPPING -TIMES OF FORMWORK FOR

REINFORCED CEMENT CONCRETE STRUCTURES...........ccocoiiiiiec e 83

5.1 01T 0 a0 X0 T3 1) 1 TR 83

5.2 The Standard Norms for Formwork Stripping Periods in Different

{00111 110 3 (o T T TP O PR PP PPRTRUPRPOPPRPPRN 84
53 Indian Standard Recommendations (IS 456:2000).................c.ccocoveriieennn. 84
54 Japanese Standard Recommendations (JSCE-16)..............ccccoooeiviiiininnnne 86

Xiv



5.5 British Standard Recommendations (BS 8110-1:1997 and reaffirmed in

2007) 87

5.6 American Standard Recommendations [ACI 347-04 and reaffirmed in ACI

BATRATA(20T4)] oottt b et ne e 89
5.7 German Standard Recommendations (DIN 1045-3) ..........cccoooiviiiniieennn. 92

5.8  Ugandan Code Recommendations (Standard Specifications for Building

Works Part 1 - Section 4) ..........cocoooiiiiiiiii e 95
5.9 ASTM C-1074-19 Recommendation ................ccccooieniiiiniiieniiiesee e 96
500 DIESCUSSION ...ooviiiiiiiiiiiiii e 97
5.11 Concluding Remarks .............ccoooiiiiiiiiiiiiiii 99

CHAPTER 6 EXPERIMENTAL INVESTIGATIONS AND THE OUTCOME OF

FORMWORK STRIPPING-TIME FOR NOMINAL MIX CONCRETE .............. 103
6.1 Background ..o 103
6.2  Overview of Experimental Specimen Preparation and Testing................. 104

6.2.1 Description of material components and composition of concrete.......... 105
6.2.2 Preparation of SPECIMENS ........ccviiiiiiiiiiicic e 107
6.2.3 Testing Of SPECIMEN ...c.vvvvviiiiiiiiiiiiic s 107
6.2.4 TESE TESULLS .. 108
6.3 Determination of Formwork Removal Time.................ccccoooiiiiiiinnn, 112
6.3.1 Vertical concrete MEMDbETS...........civieiiriiierie e 112
6.3.2 Horizontal concrete Mmembers ...........ccovvviiieiiiiiiiiisicie e 113
6.4  DISCUSSION ......oooiiiiiiiiii 122

XV



6.5 Concluding Remarks ............c.ccovviiiiiiiiiii e 126

CHAPTER 7 EXPERIMENTAL INVESTIGATIONS AND THE OUTCOME OF

FORMWORK STRIPPING-TIME FOR DESIGN MIX CONCRETE................... 129
7.1 INtroduction............oooiiiiiii 129
7.2 Overview of Experimental Specimen Preparation and Testing................. 129
7.3 Experimental Set-up ............cccccooiiiiiiiiii 130

7.3.1 Test results for vertical MEMDbETS ...........ceeveiiiiiiiiieee e 131
7.3.2 Test results for horizontal members ... 131
7.4 Determination of Formwork Removal Time.................ccccoooiiiiiiiin, 137
7.4.1 Vertical CONCTEte MEMDETS ........uveeiiiiiiiiieiiie e 137
7.4.2 Horizontal concrete MEemDETS .........c.covveiiiiiiiiieeniie e 138
7.5 DIESCUSSION ...t 146
7.6 Summary and Conclusions ................ccoocoiiiiiii s 148

CHAPTER 8 DETERMINATION OF STRIPPING TIME OF FORMWORK FOR

CONCRETE MEMBERS USING NON-DESTRUCTIVE TEST METHODS....... 151
8.1 INtroduction............cooiiiiiiii 151
8.2  Visual Inspection Method.................ccoooiiiiiii e 153
8.3 Ultrasonic Pulse Velocity Test ..............cccoooiiiiiiii 154
8.4 Rebound Hammer Test...............c.cocoii 155
8.5 Experimental Preparation and Testing of Specimen .....................c....coe. 157

8.5.1 Description of ingredients and composition of concrete ............ccceeenee. 157
8.5.2 Preparation of SPECIMENS .......cocvviiiiiiieiic e 158

XVvi



8.5.3 TeSting Of SPECIMENS .....eeivvieiiiieiiii ettt 159

8.6 Calibration of the Testing Devices..............ccccoociiiiiiiiiiii e 159

8.7 Calculation of Formwork Stripping Time Based on Calibration Curves. 163

8.7.1 Calculation of stripping time for vertical members ............ccceverieeninenn 163
8.7.2 Calculation of stripping time for horizontal members............ccccceeeeennens 164
8.8 Conclusions and Recommendations.................cccooiiiiiiiiiiiciicec e 165

CHAPTER 9 ECONOMIC EFFECTIVENESS OF REDUCING THE STRIPPING

TIME FOR FORMWORK USING NANOMATERIALS AND

SUPERPLASTICIZERS ..ot 169
9.1 INtroduction.............cooviiiiii 169
9.2 Experimental Procedures................c.ccocoiiiiiiiiiiiin e 170

9.2.1 MIX PrOPOTTIONS ...t 170
922 TESTIIZ ..t 172
9.3 Calculation of Stripping Time ...............cccooiiiiiii s 172
9.3.1 Calculation of stripping time for vertical formwork...........c.ccooiiinnnn. 172
9.3.2 Calculation of stripping time for horizontal formwork ..............ccccoceeee. 174
9.4 Results and DiSCUSSION..............cocoviiiiiiiiiii e 179
9.5  Cost Analysis of Formwork..............cccooooiiiiiiiiee 181
9.6 Summary and Conclusions ..............c.ccocoiviiiiiii 187

CHAPTER 10 SUMMARY AND CONCLUSIONS .......cooiiiiiieiees e 189
10.1  INtroduction..........ccoooiiiiiiiiiiiie e 189
10.2  Summary of the Study ... 189



10.3 Conclusions and Recommendations.............ccooovvvivriniiiiiiinn e 194

10.4 Contributions of the Study...........c.cccooiiiiiiiiii 198

10.5 Limitations of the Study .............c..coo i 200

10.6  Scope for Future Research Work ...............ccccoooiiiiii, 200
REFERENCES.........coi i 203
APPENDIX A ... 227
APPENDIX B ... 231
APPENDIX C ... s 233
APPENDIX D ...ttt 237
LIST OF PUBLICATIONS BASED ON THESIS ......oooiiiiiiiiiieeee e 239
BIODATA OF THE AUTHOR ......oooiiiiiiiii e 241

xviii



Xix



LIST OF FIGURES

Figure 2.1: Locally available bamboo used in formwork activities ............cceervevmmueerreeeereennnne. 14
Figure 2.2: Use of locally available wooden props and wooden deck in formwork................... 15
Figure 2.3: Use of bamboo props and wooden deck in formwork ..........ccccceveeeenerieienereenannes. 15
Figure 2.4: Staircase support through bamboo props. .........ceoeueriiieiiiiiiiiiiieiee e, 16
Figure 2.5: Typical formwork support for concrete water tanks in rural areas ..........cccc.ceceee..... 16
Figure 2.6: Wooden planks as formwork to support the slab.........cccceeveiiiiiiiiiiiiiiiiiinienannes. 17
Figure 2.7: Bamboo props as formwork to support beams...........cceeuueereeiiniereeieniereeieneeeenenne. 17
Figure 2.8: Brickwork used as formwork for beams ............uuueeeriiieiiiiimmiiiiniieeiiiiiiiccee e 18
Figure 2.9: Column formwork supported by brick walls .........ccooeeeeiiiiimmiiiiiiiiiiiiiiiiieeneeeeeee 18
Figure 2.10: Formwork practices for slab and beam in a semi-urban area at a construction site.. 19
Figure 2.11: Formwork practices for slab and beam in a semi-urban area in row-housing ......... 20
Figure 2.12: Wooden formwork for a wall in a rural area .............ceeereeemmieierieeeiiiienniceenneeenne 20
Figure 2.13: Wooden formwork for a wall in a semi-urban area............cccceereeeenucreeeenneneenennen. 21
Figure 2.14: Formwork practices for column and footing in a semi-urban area ........................ 21
Figure 2.15: Formwork practices for column and footing in a semi-urban area ........................ 22
Figure 2.16: Locally available aggregates ........ccuuuueieeiuuiieiiiieeeetiiee et eeteie e eeeene e eecenaens 23
Figure 2.17: Cement bags carried manually by 1abor.........ccooviiiiiiiiiiiiiniiiiiiiiiiiinneennieenne, 23
Figure 2.18: All ingredients stacked in ONE SPACE ..cevvuurreriruerreiiiieereeiiiereeteieneereiieeeeeeneseenens 24
Figure 2.19: Batching of a@g@regates ...ccuuuuriiiiuuerieiiiereeiiiieneettiieeseeteiereetenieseerennssesennensesnens 24
Figure 2.20: Manual mixing of water to other ingredients of cONCrete .........cceeevvuuueerreeeereeennn. 25
Figure 2.21: Manual mixing for making fresh CONCrete...........eeeervvummueerrreeeiiieiniieeneeeeeeeeennnn. 25
Figure 2.22: CONCrete drim MIXET ..veveuuerrereruereerruunserreueseerenseseeressssermsnssserrenssesrensessassnnnns 25
Figure 2.23: Concrete carried manually in rural areas............ooeeevveemmiieeniieiiiiiemmiiieenneeeeeieennna. 26
Figure 2.24: Newly mixed fresh CONCTOLE. ....uuuueriiiiiiiiiiiiiiiiiiieiiiiiiiicen et 26

XX



Figure 2.25: Pouring of newly mixed fresh concrete...........cooveeeiiiiuminiceniieiiiiiiiiiicennieeeeeeenne. 27

Figure 2.26: Pouring, distribution, and leveling of concrete in rural areas ...........cccceeereeeeeeennne. 27
Figure 2.27: Curing of concrete by water pounding on the slab...........ccooiieiiiiiiiniiiiiniiiiniinnnne. 29
Figure 2.28: Curing of concrete by water pounding............cceeuuereeremuerrerieniereeienereereneeeerennen. 29
Figure 2.29: Concrete pouring, spreading, and leveling in semi-urban areas............cccccceeeeeeene.. 30
Figure 2.30: Concreting in semi-urban areas on the inclined roof'slab ............ccccccceeeiiieiienennee. 30
Figure 3.1: Types of formwork used in concrete constructions (Li et al. 2022)........cccceueeeeeeene.. 35

Figure 3.2: Variation of ultimate strain by previous models and proposed model (El-Zohairy et al.

Figure 3.3: Effect of temperature on high performance concrete (HPC) and ultra-high

performance concrete (UHPC) (Deutscher et al. 2022) ......iviiiiieriiiiiieniiiiieeeeeieeeeeeeie e eeeennen. 40
Figure 3.4: Particle size of nanomaterials used in concrete (Sobolev and Gutiérrez, 2005) ........ 41

Figure 3.5: (a) Specimen for Schmidt rebound hammer test, (b) Setup of Schmidt rebound

hammer test, (¢) Schmidt rebound hammer equipment, and (d) sample of Schmidt rebound

hammer test (Laurens et al., 2005) ..c.uuiiuuriiiiriiiieiiiiie ittt etiee et eetteetaaeeenneeersassannnsas 56
Figure 3.6: Setup for cOMpPression teStING .....uueerieeeiiiiiiiiiiiiiieeiiiiiiien et eeeereaeaaas 60
Figure 3.7: Maturity of concrete concerning datum temperature ...........ccceueeeeeeennereerenneeenennnn. 62
Figure 3.8: Formwork removal ProCess ....cccuueieremuiieiiiniieeieiee et et eeteie e et eeeenaens 67
Figure 4.1: Research methodology for the ObjectiVes. ....cuuuuviiiiiierriiiiiieiieiiien et 74

Figure 6.1: Concrete's compressive strength (with OPC 43) versus time (in days) for curing... 115

Figure 6.2: Concrete's compressive strength (with PPC 53) versus time (in days) curing at 27°C,

the graph denotes best-fit data ..........coeeiiiuiiiiiiiiiiiiiiiii e 115

Figure 6.3: Evaluation of the limiting strength using a plot of reciprocal strength versus reciprocal

age (for concrete With OPC 43) ..ouiiiiiiiiiieeie ettt e et e e e e 116

Figure 6.4: Evaluation of the limiting strength using a plot of reciprocal strength versus reciprocal

age (for concrete With PPC 53) ..ciiuiiiiiiiiieiieiiiien ittt s eteeies s e eeeie s s eneaaessennnneneees 117

xXxi



Figure 6.5: Determining the rate constant and the age at which strength development starts (for

CONCTEte WIth OPC 43) ..iiiiiiiiiiiii ittt ettt e et e et e etaseeta s eesaseaeaesessnssaennsassnnsees 118

Figure 6.6: Determining the rate constant and the age at which strength development starts (for

CONCTEte WIth PPC 53) ..uiiiiiiiiiiiii ittt st e et s etes e et s eenaseaanesannnneees 118

Figure 6.7: Relative strength of concrete versus equivalent age at 27°C (for concrete with OPC

Figure 7.1:(a) to (f) Showing Concrete production, casting, curing, stripping time estimation, and

testing design mix concrete specimens for vertical and horizontal concrete members ............ 134
Figure 7.2: Concrete’s compressive strength (with OPC 43) versus time (in days) for curing... 140
Figure 7.3: Concrete’s compressive strength (with PPC 53) versus time (in days) curing........ 140
Figure 7.4: Evaluation of the limiting strength using a plot of reciprocal strength versus reciprocal
age (for concrete With OPC 43) c.oeeiiiiiiii ettt erene e e e e e 141
Figure 7.5: Evaluation of the limiting strength using a plot of reciprocal strength versus reciprocal
age (for concrete With PPC 53) ..ciiuuiiiiiiiieiiiiiien ettt ettt s eeeee s eeeeae s s eeenan e e 141
Figure 7.6: Determining the rate constant and the age at which strength development starts (for

concrete With OPC 43) ...ttt e e et s e et e e e eenn e 142
Figure 7.7: Determining the rate constant and the age at which strength development starts (for

concrete With PPC 53) ...ttt e e et e e e e 142

Figure 7.8: Relative strength of concrete versus equivalent age at 27°C (for concrete with OPC

.................................................................................................................................... 144
Figure 8.1: Ultrasonic pulse velocity test through 15 cm concrete specimen............ccevveereenen. 155
Figure 8.2: Rebound hammer test on 15 cm concrete SPecimen ...ee.euueeeeeeeeereeeenuueeereeeeeeeennnn. 156

xxii



Figure 8.3: Rebound hammer impact on concrete surfaces after rebound hammer test on concrete

T 1010) (< SO PRSP PUPPPPPIN 156
Figure 8.4: Determining rebound number (RN) value and ultimate crushing load on CTM ..... 159
Figure 8.5: Calibration curve for ultrasonic pulse velocity vs. the compressive strength.......... 161
Figure 8.6: Calibration curve for Rebound number values versus the compressive strength..... 162

Figure 8.7: Calibration curve for the experimentally obtained compressive strength vs.

ManUfacturer-provided VAIUES .......evuureiiriiiereiiereiie et eetieeteieeetieeteieeeeasereneennesernnssennes 162
Figure 9.1: Casting of concrete cubes for Group 1 and Group 2 in the laboratory................... 171
Figure 9.2: Compressive strength vs. curing age at 27°C ......ceriieeiiiieemmieerreeeeiieennieeeeeeeene 176
Figure 9.3: Plot of reciprocal strength vs. 1eciprocal Qge ........ccevveeerreemmmueerreeeeiiiemmiieeneeeeenee 176

Figure 9.4: Plot to evaluate the rate constant and the age when strength development begins .. 177
Figure 9.5: Relative strength vs. equivalent age at 27°C .......ceviiiiiiiiiimiiienneeeeiieeiieeeeeeeeeee 178

Figure 9.6: Stripping time of formwork at various temperatures for vertical members - Column

Figure 9.7: Stripping time of formwork at various temperatures for horizontal members - Slab 180

Figure 9.8: Stripping time of formwork at various temperatures for horizontal members — Beam

Figure 9.9: Cost analysis of vertical member - Column..........cccoeuvummvinriiiiiiiiiiniiiennieeeniiennnn. 183

Figure 9.10: Cost reduction of formwork at different temperatures for vertical member — Column

Figure 9.11: Cost analysis of horizontal member -Slab ......cccoviiiiiiiiiiiiiiie, 185

Figure 9.12: Cost reduction of formwork at different temperatures for horizontal member —

Figure 9.13: Cost analysis of horizontal member - Beam .........cccceuuuuieiriiiiiiieiiiiicenneeeenieennn. 186

Figure 9.14: Cost reduction of formwork at different temperatures for horizontal member — Beam

xxiii



LIST OF TABLES

Table 3.1: Stripping of formwork for different structural members corresponding to their strength

Table 3.3: Formulations of cubic strength (Rew) and cylindrical strength (fcyl) with rebound

index(Iy) and ultrasound velocity (Vus) (Cristofaro et al., 2020)......ccceveummmeeerieeeiiiiemmnieenneeeenne 57
Table 4.1: Ingredients of concrete per cubic m of cement cONCrete MiX.....cceuueeeereeneereeeennnneenen. 81

Table 5.1: Formwork removal time for different RCC elements by Indian Standards (Source: IS

456:2000. Bureau of Indian Standards)...........ceeeeeeeiiiemmmieiinieeeiiiiiiieee ettt eee e 85

Table 5.2: The Japanese requirement of compressive strength of concrete just before removing
formwork (Source: Japan Society of Civil Engineers (JSCE), Standard Specifications for

Concrete Structures - 2007 “Materials and CONStrUCION) ......uuueereeeerrieemmiueeereeeeerieennieeeeeeeenee 86

Table 5.3: Minimum stripping time for formwork (British) (Source: British Standard (BS 8110-

1:1997), Structural use of concrete —Part 1: Code of practice for design and construction. 1997)

Table 5.4: American guidelines for formwork stripping time (Source ACI 347-14)............ccc.. 90

Table 5.5: Minimum duration of post-treatment of concrete for the exposure classes (Source: DIN

TO45-2) (GOIIMAM) «.etetueeeeiii ettt e ettt e e ettt e e eteue e eetenaeeeteenae s eetanaeseetenaeaerennanseeennanseenens 93

Table 5.6: Minimum duration of post-treatment of concrete for exposure classes XC2, XC3, XC4,
and XF1. Source: DIN 1045-2 (GEIMAN) ...ceevvuunrerrennrreririeneertniereetenereerenaseereensserennsseseens 94
Table 5.7: Minimum times for striking formwork (Uganda) (Source: Standard Specifications

Building for Works. Ministry of Works and Transport. Government of Uganda. 2013) ............. 95
Table 6.1: Mix ingredients for the two grades of CONCrete MIXeS......cvvvuerrerrrrereereniereerennnnens 106

Table 6.2: Compressive strengths at different temperatures for concrete made with OPC and PPC

Table 6.3: Calculation of average compressive strength concrete cured at 27°C..........ccceuee.eee 111

XXiv



Table 6.4: Recommended time and compressive strength reference values for removing vertical

B (0] 8000%700) o TR 114

Table 6.5: Age conversion factor and amount of time required for the removal of beam and slab

horizontal formwOrK ........ccoiiiiiiiiiiiiiiiiiii 121
Table 7.1: Design mix ingredients for the two grades of concrete mixes ...........cceevueeeeeennnnnees 130

Table 7.2: Compressive strengths at different temperatures for Design mix concrete made with

(0] (O s 1 1 & o O TSP 135
Table 7.3: Calculation of average compressive strength of design mix concrete cured at 27°C. 136

Table 7.4: Recommended time and compressive strength reference values for removing vertical

B 0] 80 01%700) 4 TR 138

Table 7.5: Age conversion factor and amount of time required for the removal of beam and slab

horizontal formMwOTK ........cooiiiiiiiiiiiiiiiiiii e 145
Table 8.1: Velocity criteria for the concrete quality grading (IS 13311 (Part 1) 1992) ............. 154
Table 8.2: Ingredients for 1 m® of cement concrete mix for the nominal Mix .......ccceeeveeennnen. 158
Table 8.3: Ingredients for 1 m® of cement concrete mix for the design MiX.......ceecveerrveernnenn. 158

Table 8.4: Ultrasonic pulse velocity (UPV), rebound number (RN) value, crushing strength, and

compressive strength (MPa) for the nominal and design mixes on 15 cm concrete cube specimens

Table 8.5: Calculation of stripping time for vertical members at temperatures 15 to 20 °C ...... 164
Table 8.6: Rebound Number values and UPV data for horizontal concrete members .............. 165
Table 9.1: Ingredients of concrete per cubic m of cement CONCTEte MiX.....ccvvuuereereruereerennunnens 171

Table 9.2: Stripping time and compressive strength of vertical members for Group 1 and Group 2

Table 9.3: Compressive strength of Group 1 and Group 2 at 27 °C...cceevvueeerriiiiiiiinmnieenieeennns 175

Table 9.4: Stripping time of horizontal members (Slab and Beam) for Group 1 and Group 2... 179

XXV



LIST OF ABBREVIATION

ACI American Concrete Institute

ASTM  American Society for Testing and Materials
BIS Bureau of Indian Standards

BS British Standard

C-S-H  Calcium-Silicate-Hydrate

CT™M Compression Testing Machine

DIN Deutsches Institut fur Nornmung (German code)
DT Destructive Test

HAC High Alumina Cement

HESPC High Early Strength Portland Cement
HPC High-Performance Concrete

IS Indian Standard

JSCE  Japan Society of Civil Engineers

MC Material Criticality

MPA Mega Pascal

NDT Non-Destructive Test

OPC Ordinary Portland Cement

PCC Plain Cement Concrete

PPC Portland Pozzolana Cement

QA Quality Assurance

QC Quality Control

QsC Quick Setting Cement

XXVi



RCC

RHV

RPC

SCM

SCC

SH

SP

UrPv

Reinforced Cement Concrete
Rebound Hammer Value

Rapid Hardening Cement
Supplemental Cementitious Materials
Self-Compacting Concrete

Schmidt Hammer

Special Publication

Ultrasonic Pulse Velocity

XXVil



