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Abstract

Bamboo is a naturally occurring, low-cost composite material that is approximately nine
times lighter than steel, but the tensile strength-to-weight ratio is approximately 5 to 6 times
greater than steel. Concrete walling system with bamboo reinforcement in the form of round
culms, or woven strips has higher flexural strength, lighter in weight, and is more economical
as compared to conventional brick walling systems. There are various issues with bamboo-
based concrete elements associated with service conditions that undermine their capability for
structural applications. Water absorption is the major issue with bamboo reinforcements in
concrete where bamboo absorbs the moisture and expands during casting and at the end of
curing, bamboo shrinks back to the original geometry. This cyclic expansion and contraction
of bamboo reinforcement result in voids and adversely affect the bond strength, leading to
cracking in concrete. The casting of wall panels having bamboo reinforcement in multiple
layers is also a challenging task since the filling of concrete in congested areas is very difficult.
Fireproofing is another major challenge for bamboo-based constructions. Bamboo is a
combustible material, that undergoes pyrolysis above 150 °C, and loses mass and strength at
elevated temperatures. Therefore, assessing the performance of bamboo-reinforced concrete
elements at elevated temperatures is a significant aspect of designing fireproof and durable
structural elements.

Based on the research gaps and research opportunities available, the present study has
proposed to develop bamboo-based cement-mortar panels also named “Bamcrete panels” using
twin layers of weaved bamboo strips with an intermediate core area. Twelve sets of Bamcrete
panels were designed and fabricated using different combinations of parameters namely; (a)
bamboo mesh treatment (b) core material, and (c) material for outer surface covering. To

improve the strength and quality of panels, bamboo mesh was treated by (i) coating with cement



paste (ii) wrapping with wire mesh, and (iii) coating with epoxy followed by sprinkling of sand.
Four types of core materials were used for Bamcrete panels (1) Fiber-reinforced SCM (2)
Styrofoam sheet (3) half-split bamboo filled with sand, and (4) rubberized mortar supported
with chicken wire mesh. To overcome the problem of insufficient filling of narrow gaps in
weaved bamboo strips, optimal mix designs of fibre-reinforced self-compacting mortar (SCM)
were determined for the casting of Bamcrete panels. The blending of fly ash (FA) up to 25%
imparted the lubricating effect in the SCM mix, thus, improving the workability and reducing
the demand for admixture. The intrusion of fibers (glass wool fibers and Recron fibers) has
increased the cohesiveness of the SCM mix resulting in a decrease in slump flow, v-funnel flow
speed, increased yield stress, and plastic viscosity. The influence of effective w/c ratio on the
rheology of fresh SCM mix is opposite to fiber-reinforcement. The compressive strength of
SCM samples has decreased with the addition of glass wool fibers (GWF), whereas the
intrusion of GWF has a positive impact on the flexural strength (FS) of SCM. Heating the GWF-
reinforced SCM samples to the temperature of 800°C resulted in the severe loss of CS and FS
ranging from 45% to 65%. The addition of Recron Fibers (RF) has resulted in higher porosity
in the SCM microstructure, thus CS has decreased however, the addition of Recron Fiber has
improved the FS by delaying the crack propagation into the SCM matrix. The addition of
Recron Fibers has proven to be beneficial in improving the CS and FS of SCM specimens with
heating up to 400°C. With further continuous heating of SCM specimens up to the temperatures
of 600°C and 800°C, there was a rapid fall in CS and FS. The heat-resisting paint (HRP) coating
has created a strong thermal barrier against the external heat to protect the SCM specimens, as
a results, there was negligible change in CS and FS post-heating up to the temperatures of
800°C. The addition of Fibers was useful to avoid the explosive spalling in SCM up to the
heating temperatures of 800°C. Materials for the outer covering of Bamcrete panels were fixed

as (a) SCM reinforced with GWF of 0.5%, and (b) SCM reinforced with RF of 0.2%.
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Thermal properties were determined for Bamcrete panels considering steady state heat
conduction state. The lowest thermal conductivity (0.11 to 0.13 W/mK) was reported for the
panels having Styrofoam sheet as a core material, whereas Bamcrete panels having SCM as a
core material have shown the highest thermal conductivity (0.66 and 0.71 W/mK) among all
the fabricated Bamcrete panels. Rebound hammer test results showed that the compressive
strength of Bamcrete panels varies from 25 MPa to 44 MPa. Bamcrete panels with Styrofoam
as a core material have the lowest compressive strength, whereas Bamcrete panels having
bamboo mesh wrapped with wire mesh and Fiber reinforced SCM as a core material possessed
the highest compressive strength. Thus, the core material has a significant effect on the thermal
properties of Bamcrete panels.

The Bamcrete panels were tested under concentrated load at elevated temperatures up
to 600°C during fire conditions. The highest load-bearing capacity or shear strength was
possessed by the Bamcrete panel (no. 9) having bamboo mesh wrapped with wire mesh and
Fiber reinforced SCM as a core material, whereas the panel (no. 2) having bamboo mesh coated
with cement slurry and Styrofoam sheet as a core material has lowest strength at ambient
temperature as well as at an elevated temperature of 600°C. The highest load taken by the panel
at ambient and 600°C was 113 kN and 82 kN, respectively. Visual inspection of Bamcrete
panels revealed that the Styrofoam sheet was burnt out during testing at 400°C. No spalling had
occurred in any of the panels and there was no charring of weaved bamboo mesh during testing
up to the temperatures of 500°C. However, during testing at the temperature of 600°C, the
weaved bamboo mesh was charred in most of the panels except for panel no. 9. The coating of
heat-resistant paint (HRP) on Bamcrete panels was found very significant in controlling the
strength loss at elevated temperatures. Thus, HRP-coated Bamcrete panels can be considered

as a sustainable and efficient material for a fireproof building. The current findings will help to
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popularize the bamboo-based pre-cast structures and will increase the demand for bamboo,

provide more diversity to agricultural production, and stimulate the local economy.
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99 U Uil ®T J Ul S aTal, BH arTd arar fAfd garef 8 St wie @
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1Y P Bb (ii) TR BI SAell b HIY TUCHR, 3R (i) TUTRIT b 1Y DI & §1e Xd
f5g® B IuARA fa1 71 Bamcrete T & T IR TR &1 T30 QBRI BT IUIANT
feba TR T (1) BIESR-Yafeld SCM (2) WRRIBIA e (3) X I HRT eT-fauifeid €79,
3R (4) e AR oTd & A1y TaRfd Iaged AR | §11 g8 a9 &1 ufeal & Y1l Sfavra
B ST HRA B FHRIT D GR PR & (T, THDIC U D Gells B 17T et DI
AR (o) o1 svan o fEeme fFufia fovar ma a1l 25% 7% s I= (@) &
fhrsror = ToRitew farsor & fRiere uuTa Uem far, 39 ISR, SriRiadr § gUR g 8l
R80T 1 AT HH B TS | BIRER (T 9 WIZER 3R Yhi- WIZeR) P guus o TIHTH
fRrsior 31 Tt &I a1 faan § e uRumRas WU varg, di-%-d vare 1id &
31T% & 3R IUST a1 3R wiifed faufadree # gfa g3 & | dTor Toied fHsor &t fRararon
IR YHTE Seeg/AT ST o1 THTT HISeR Jaferd THHTH & faudid 81 7 9d WIgeR
(SSgU®h) S M 81 A THATH o] B Goits kT HH &1 778 §, e oiesyu®
&1 gUUS BT TIHTH $I Tic didhd (EHTY) R IHRIAS THIG TSl 8| Sesguth-
gafid THHTed T &1 800 f&U ATy & arod= d% T B & IRUTHGEY 45%
T 65% I T 3R THTY o1 711R g1 g3 1 ¥ 1 BIZeR (IRUK) Bl Sl I TIHTH

HTgehIRe TR B 3o TRYT 3T 7S 8, 39 YR e | BT 318 €, TTalifch, IhI- BIgeR &
e ¥ Tty Aftey # R TR § ¢t S Thuy d JUR g 71 400 &I Sfcmw
I T B W Tied AT & e iR ThHTg § YR 634 & U Ihi- BIgaR Bl
M HRAT BHIGHS ifad g g1 TIHTH T85! &1 600 &3 Sfcqay ik 800 f&uht
YT & YA T AR TTH B3 4 ey SR THU H duit 9 RRTae s | oo




# 800 f&ft AfRTTY & U IUHH dF APl o ¥ g91 & o BESR I e
SUTRT 4TI STERT SHTaRU & & T Al 39 UbR g &1 715 o (T) TAHHUITH 0.5% &
Sesgu® & 91y yafrd, SR (@) THHed 0.2% & 3RUG & A1 Haferd | TH uforieh
Uc (@ISR ST = TIRITH ! &1 GRET & forg a1e<t 7 & RIars ues Aeteg uda
YT &1 &, 39 UDR 800 FSh Afergy & drud deb 7 g1 & a1¢ Uiy 3R Thuy |
704 GRac gaf|

fRR STRIT SWAT AT AT Bl &4 H TWd gU Bamcrete U@l & g e 107
frefia fee T 2 e Il & 0 A TRIw e ara it & o g9 e ardia
AQAHAT (0.11 F 0.13 W/mK) B a1 &t T8 A, Fafs SR IR & ®9 & SCM ard
Bamcrete Ual A Y & sfte I AT A1ciehdl (0.66 3R 0.71 W/mK) fears g1 FfHa
Bamcrete U | ReTds 8AR TRier0r & URumH & Uar Tel fob Bamcrete UAa ot TUlgH
fE 26 MPa q 38 MPa dd i gl ©, S GxIfaT § for O7al 1 Toran 'srest 9oft H Sreht
g g1 It & U § WRRIGH a1d Shic U9d § 9a9 & Jute wfad gl €,
S IR Pt SiTel ¥ forae ai @t Selt 3ik g Irelt & =0 § BigeR Uaford TaieH
aTdl STHhe Od # SwdH uls Ufad 8l 31 39 bR, HIR I &1 Bamcrete T
& Yy 0T IR HedYUl YHTd TSl & |

M ! AT & G:IQH 600°C I Hd dIaH R a')I?(d ‘H'IT%H%’H Bamcrete a:IFT

T URIEOT fe T TRIT | R 31D UR T8 PR B! &HT AT HaReAT Al SHhIC U (AR
9) 7 oft, S 979 Pt STl B AR B! STl T dUer 741 U7 3R PR It & &0 § BIgeR
gaferd TOHH YT, Safe 09d (FaR 2) # Wi 9 & 1Y aftd a9 &t et 4t 3R 72
A & TU H LRRIKGIA e B gRA= & TUHM & FIY-J1Y 600°C B Hdl dIIHH R

Ied &H diehd glal 2 | IRaT 3R 600°C R O9d gRT fordm 71 S=aaq HR HH: 113 kN

Xi



3R 82 kN ¥T| Bamcrete UTal & =2 &1 T ydl =a fb 400°C WR URia0r & SR
TR 2fte 5d 75 At 500°C P TTTHH db TRI&01 b R fhdt t O9d & i TRIst
e 31TE 3R It g3 &1 i Sirett i 7Y Steft | gTaiifas, 600°C & ATTHM TR URI&U1 & SR,

U0 AR DI BISHR ABI Ta! § g1 T T BT ST oI T AT| 9. Sl ATTHH TR
dihd & JHuH & AR B H sHwie U9a R TH gfeRidt te @asmd) &t sifd
S50 HEYUl UTS TS| 39 VSR, TR} Aftd Susie e iR suRd & g w
fepras SR o wrh § 1 ada e si- 3netid h-sre WRemmsi & Ao h s
H Aeg U 3R 919 @1 A1 H g B, P Iared ¥ i fafderar uem a3 3R
R fcgaRiT &l WreTied B |

Heberereg:

919, SHhic Ud, Jeh-Hifaet] HAleR, Udls U, T dd BIReR, Yhi- BIEeR,
feHTSHUH, Sl ATuH, Fitds U1, YHa AT 3R RESE gIR, gie ufarieh de-ifd

Xii



Contents

CertifiCate ....cccciiiinnnnnnnnneiiiiecisinissssssnsssseecesssssssssssssssssssssssssssssssasssssssssssssssssssasanss i
ACKNOWICAZEIMENTS ...cccovvnnrriiessennrnccssssnsrrecsssssssresssssssssesssssssssssssssssssssssssssssssssss iii
T eeeeeesessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses ix
LSt Of FIGUI'ES .uuuurerriiiiirnnnriciissnnnicsssssnnniessssssssnessssssssnssssssssssssssssssssssssssssssssssns Xix
LiSt Of TaDIeS...cciiiiiiiiiinnnnenniiiccciiisnssssnsssieseccssssssssssassssssscssssssssssssssssssssssssssnes XXVi
NOTALIONS ceciiiieiciereresesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses XXVviii
Chapter 1  INtroducCtion .........eceeceiiciverinssnicnssnnncsssnsncssnsscssssessssssesssssessssses 1
11 BACKGIOUN ... 1
1.2 Key Issues With BamCrete PANElS ..o 4
13 Motivations for the PreSent WOrK...........cocceicenseces et 5
14 Objectives Of the PreSent STUAY ..o seessenees 7
15 Organization OF THESIS ...t 8
Chapter 2 Review 0Of LIterature ......ceeeieccrvcvnnrcccscsnnneccsssnnssesssssssssessssssssses 11
2.1 INEFOAUCTION ...t 11
2.2 Bamboo REINTOICEMENL ..o 12
2.2. 1 BAMDOO ..ot 12
2.2.2  Physical and Mechanical Properties 0f BamMDOO.............ccverererieninineneeniineeeeeseeseenens 14
2.2.3  Various Applications of Bamboo iN STUCTUIE ... 19
2.24  Mud-Plastered and Cement Mortar Plastered Bamboo Panels............cccccoovevvrcrrincnnee. 19
2.25  Bamboo as a Reinforcemnt in Concrete EIEMENtS ...........cccocevveccnveiscssecseiescenes 23
2.2.6 Bond Strength of Bamboo Reinforcement and Concrete MatriX .....eovvevivesiineeisinnsninssnes s ssnenns 24
2.2.7  Performance of Bamboo at Elevated TEMPEratures..........cocevveereserireresrsissresessesnns 31
2.28  Performance of BRC Elements at Elevated Temperatures..........c.ccoeneneneereeereenienens 32
2.3 CementitiouS IMALENTAL............cevreeueeereiereeesee et 34
2.3.1 Self-Compacting Mortar (SCM) .......cccoveiiiieieeie e 34

Xiii



2.3.2 Filler Materials used in Self-Compacting Mortar (SCM) .........cccccvevveruenen. 35

2.3.2. Properties of SCM at Elevated Temperatures ..........ccccoovvevvevesieeneenesnene 40
2.4 CONCTELE MIX DESIN ....vuveiiicirereiseieissse st s s sssessssesassessnsesans 41
24.1. Concrete WIith FIY @Sh .......ooiiii e 41
2.4.2. Designing Fly ash CONCIELe..........ccviieieieiiecrese s 42
2.4.3 Efficiency Factor of Fly ash CONCrete..........ccoviiiiiiiiiicce e 44
244 Optimization and Powder Content of Fly Ash ... 47
2.5 SUMMIBIY <ottt bbbttt 49
Chapter 3 Materials and Methodology.........cccuvueerieciscnereccsscsnnrrccsssnnsenccnes 51
3.1 (70T (0ot o] o OO 51
3.2 Materials for Self-Compacting MOTTAY .........c.ccvrerernirineeesse e 51
321 Cementand FIY ASN ...t 51
322 AGOEEUALE .......eeveeeeseiresee et 53
3.23  Glass WOOI FIDEI (GWF) ...ttt sss st sssss s 54
3.24  Polypropylene Fiber or Recron Fiber (RF)......ccccvevecneeneessesie e 55
3.25  Water55
326  Chemical AUMIXIUIE. ......ccoveiieriieeeieireisesece sttt anies 56
3.27  Heat ReSIiStant PAINT (HRP) ........coiiriiririeieiriiseeeeeiseises e ssessssnsees 56
3.3 Steps in Mix Design of Self-Compacting Mortar (SCM).........ccocvvnneneeneeeneeneniens 57
34 Casting of Self-Compacting Mortar (SCM)........cccurirneeineineiseeeeseessesesese e 60
35 Testing Procedures for Evaluating the Properties of SCM ... 62
351  RNeology Of SCIM MIXES......cccuriiiriciricisietsietsss sttt sss s sssseens 62
3.5.2  Mechanical Properties at Ambient CoNditions ............ccoovevrerrerenieneceee s 63
3.5.3  Durability EVAlUALION..........ccooieieeceeceee et 64
3.5.3.1 Water permeability TESES .......ccccvericereieceeris e 64
o Water permeability (DIN mMethod) ........ccoceviiienieeceee e 65
o Water penetration (modified water permeability method)............ccoovvenerininnciniinenn. 65
3.5.3.2 Rapid chloride permeability teSt (RCPT).....cccoiuriuririeieirireeieiseiseiseiseesse s 65
3.5.4  Mechanical Properties at Elevated TEMPEraturesS...........cveeeereerierereeneeneenesnesseeenseneenes 66
Chapter 4 Trial Experimentations on Bamcrete Panels ............ccccceeeeee... 69
41 INEOAUCTION ..ot 69
4.2 Design of BamCrete PANElS ... 69
4.3 Fabrication of BamCrete PanelS ... 71

Xiv



4.3.1  Fabrication of Single Mesh Bamcrete Panels............cccocevceeeenssnsensessessesseenns 71

4.3.2  Fabrication of Twin Mesh Bamcrete Panels ... 72
4.4 Testing of Bamcrete Panels at Elevated TEMPEratures .........ccooceveervereserenereeseseenseens 73
44.1  Behaviour of Single Mesh Bamcrete Panels ... 74
4.4.2  Behavior of Twin Mesh Bamcrete Panels ..........ococrnrnnnennnnnssnssssesessseseseeees 76
4.5 Comparisons of Bamcrete Panels.............conniencncneeseseeeeeseiseeeeeseeneens 78
4.6 SUMMAIY <. 80
Chapter S Testing of Bamboo Strips at Elevated Temperature............... 81
51 INEFOTUCTION <.t s 81
5.2 Preparation and Treatment of Bambo0 StriPS ..o 81
53 Tensile Testing of Bamboo Strips at Elevated Temperatures............cocorreeeneereeneen. 83
54 EXPErMENtal RESUILS ..o 84
55 Comparison of Bare and Coated Bambo0 Strips .......ccccveererrreninininineneneseeeeiseeneens 87
5.6 SUMMEANY .ttt bbbt bbbttt 88
Chapter 6 Design of Self-Compacting Mortar...........ccceeceveereccsccnnencccssnssnes 89
6.1 10110 [0 Tot o o SRR 89
6.2 MiX DESIGNS OF SCIM ...ttt 89
6.3 Evaluation of Properties 0f SCIM ... sssissssssesssssssees 91
6.3 1 FIESN PIOPEITIES ..o e 91
6.3.2  COMPIESSIVE SITENQLN ...t 95
6.3.3  DUrability OFf SCM......cooioiceccse e 97
6.3.3.1  Water Permeability .........ccccccvieuriciriereeree et 97
6.3.3.2 Rapid chloride penetration teSt (RCPT) ......ccoovieriniicrrieesesese s sssens 101
6.4 Scanning Electron Microscopic (SEM) ANalYSIS .........ccccvvienniecssiisesssseeninns 103
6.5 Cost Analysis and Optimal Dosage of Fly Ash for SCM ...........cconnninnsneenienen. 104
6.6 SUMMAIY <.t 107

Chapter 7 Glass Wool Fiber Reinforced SCM at Elevated Temperature

109
7.1 1011 [0t o] o RPN 109
7.2 Mix Designs of Glass Wool Fiber (GWF) Reinforced SCM .........cccovovvvvrernernrnnnns 109
7.3 Evaluation of Properties 0f GWF-SCIM..........ccovnnnennnes s 111
7.3.1  FrESN PrOPEITIES ..ottt 111

XV



7.3.2
7.3.3
7.3.3.1
7.3.3.2
734

7.34.1
7.34.2
7.3.4.3
74

Mechanical Strength at Ambient Condition............cccccvevrerienressessesse e 113

Durability Of GWF-SCM .......ccoireriieessssssse s sssse s ssssesssssans 117
Water Permeability ........cccooveiiii i 117
Rapid chloride penetration test (RCPT) ....cccooeiiiiiiiiiiecccc e 119

Mechanical Properties at Elevated Temperature and Effect of Heat-

RESISING PAINT ...t 120
Compressive strength at elevated temperature ............ccoceeveverencneneneen 120
Flexural strength at elevated temperature.............ccooevveeieiencinencnen 124
TG, DSC, and FTIR ANAlYSIS......c.ccceiieieiieieeie e 127

SUMMIAIY ottt bbbttt b et 129

Chapter 8 Recron Fiber Reinforced SCM at Elevated Temperature.... 131

8.1 10T 0ot o] o OO 131
8.2 Mix Design of Self-Compacting MOTTAY ...........ocveeeerirenieeenneeeeeeeseeseseseeseeseees 131
8.3 Evaluation of Properties of SCM at Ambient Conditions............cccoueereeeneeneeeninenns 133
8.3.1  Rheology 0f SCIM MIXIUIES........cccciiuerireiriieissieisssesssesssses s ssse s ssssessssessssessssesnns 133
8.3.2  Mechanical Properties at Ambient TEMPEratUre ..........ccvvevvverreerrierssersse s 135
ST T T B 10 = o] 1 {1 OO 138
8.4 Evaluation of Post Heating Effects 0n SCMS ..o 141
8.4.1  Explosive Spalling at Elevated TEMPEratureS.........c.cvvuerrvrerrirerseeerrssersssessssessssessssenns 141
84.2  Mechanical Properties of SCMs at Elevated Temperatures ...........ccooeveereereeencereenens 144
8.4.2.1. Compressive SreNgth (CS) ...oveviviiiiiiieieee e 144
8.4.2.2. Flexural Strength (FS) .......oooiiiiiiiie s 149
8.5 SUMIMAIY .t 152
Chapter 9 Bamcrete Panels at Elevated Temperature.......cc.cccceeeeecnnnnee 155
9.1 INEOAUCTION ..o 155
9.2 Design and Fabrication of Bamcrete Panels............cocvrnnnnsneneseeeneeneis 155
9.21  Treatments of Weaved Bamboo MESH ..........cceerirnerniescesseseseeesssessssesssseens 157
0.2.2  COME IMALEITALS ......covreeerieirieissie sttt snsessnsessnsnsnns 159
0.23  CoVEriNg MALEIIAl .........couiueiriiriirieiressee e 162
9.3 Variations of Bamcrete Panels and their Casting...........cccocevvieevinscsnenseesesenns 163
94 Testing Of BamCrete PAnElS..........cornrrrceseec e 163
9.5 Thermal Conductivity of Bamcrete Panels...........ccoernnnenneeneesee s 165
95.1  Experimental Set-up for Thermal ConductiVity TESES .......cccoeeureerrrerereenererirerirenes 166

XVi



9.5.2  Results of Thermal CONAUCHIVILY TESIS........ccvevirrerrrieirrieisseeseieesse s sssennes 168
9.6 Rebound Hammer Test on Bamcrete Panels...........ccovnnnnnneseeeens 170
9.7 Mechanical Testing of Bamcrete Panels at Ambient and Elevated Temperatures...172
9.7.1  Experimental Procedure for Testing of Bamcrete Panels at Ambient Conditions ...172
9.7.2  Experimental Procedure for Testing of Bamcrete Panels at Elevated Temperatures174

9.7.3  Experimental Results of Testing of Bamcrete Panels at Elevated Temperatures.....178
9.74  Effect of HRP Coating on Mechanical Strength of Bamcrete Panels............ccccc....... 187
9.8 SUMMEANY .ttt bbbttt 189
Chapter 10 CONCIUSIONS ...uuueeeiicrssrnrricssssnnreccssssssssscssssssssscssssssssssssssssssssssssses 191
Limitations of present Work .........ciiciviiiniseicnisnicsssnnicssnncssssncsssnsncssssens 196
Future Research SCOPE ......ccuueeriiiiivvnriicsisnnniicssssnnnicssssnsnecssssssssscssssssssscsses 196
| 23 (2 ) 1 XN 197
LiSt Of PUDLICALIONS ...ccuueeerriiiiicnnriccsissnnerecssssnssrecssssssssscssssnsssssssssssssssssssssssssses 216
L3 10) T0TLa 1 4] 11 R 217

Xvii



List of Figures

Fig. 1-1 Examples of bamboo-based houses in North-East region of India 2
Fig 1-2 Plastering of bamboo mesh 2
Fig. 2-1 Classification of research domains for literature review. 11
Fig 2-2 Structure of Bamboo Plant. 13

Fig. 2-3 The variation of macroscopic characteristics along the culm length of four bamboo species (Chaowana

and Barbu, 2017). 14

Fig 2-4 SEM micrograph of a vascular bundle from the middle of the culm of (P. G. Dixon etal, 2015)............. 16

Fig 2-5 Moisture adsorption behaviour of the different bamboo materials (Sharma etal, 2018). .........ccoenes 18
Fig, 2-6. Application of full culm natural bamboo in structural applications 20
Fig. 2-7. Application of splitbamboo in walling systems. 20
Fig 2-8. Mud plastering on bamboo strips. 20
Fig 2-9. A 40-years old dismantled Assam-type house. 21
Fig 2-10. Dismantled Bamcrete panels showing bamboo mesh plastered with cement-mortar............c.e.. 22
Fig 2-11.Schematic Diagra of Test setup 22
Fig 2-12. Fabrication of Bamcrete panels in laboratory. 22
Fig 2-13. Comparison of impact energy of panels under impact load. 23

Fig 2-14 Semi-circular grooved bamboo reinforcement wrapped with thin wire (Mali and Datta, 2020)....... 29

Fig 2-15 Bamcrete Panel (Bala, Gupta, etal, 2020) 30

Fig. 2-16 Mortar strength of mixes from literature in comparison to predicted strength of concrete (Murumi,

2017; Meeraetal., 2020) 38
Fig 2-17 Efficiency Factor. 46
Fig. 2-18 Limit of fly ash percentage usable (Murumi 2017;Meera et al., 2020) 47
Fig. 2-19 Strength development of fly ash concrete (Herrera et al., 2011) as presented by (Murumi, 2017)......cc.cew. 49

XiX



Fig. 3-1. Scanning electron microscopy (SEM) image of fines 53
Fig. 3-2 Particle size distribution of sand. 53
Fig. 3-3 Glass wool fiber for mixing in SCM 54
Fig. 3-4 Polypropylene/Recron fiber 54
Fig. 3-5 Powder for Heat Resisting Paint 56
Fig 3-6 Entrapped airas per15:10262:2019. 57
Fig 3-7 Entrapped airas per 1S:10262:2019. 58
Fig 3-8 Different fly ash dosage v/s effective w/c (Kumar, 2021). 59
Fig. 3-9 Schematic diagram of equipment used for the rheological studies of SCM mix. 63
Fig. 3-10 Compression and Flexural Test setup 64
Fig 3-11 Experimental set-up for Permeability test

Fig 3-12.RCPT Test Setup

Fig 3-13 Heating of SCM samples (cubes and beams) in an electric furnace 67
Fig 4-1 Fabrication of Bamcrete panels. 70
Fig 4-2 Design of Bamcrete panel 71
Fig 4-3 Making Bamcrete Panel 72
Fig 4-4Making Bamcrete panel in present work 73
Fig 4-5 Experimental Set up 74
Fig 4-6 Effect of heating temperatures 75
Fig 4-7. Observation of Bamcrete panels after post heat mechanical testing 76
Fig 4-8. Effect of heating temperatures 77
Fig 4-9 Bamcrete panels after treating at elevated temperature 78
Fig 4-10 Comparison of single bamboo mesh Bamcrete panels and twin bamboo mesh Bamcrete panel......79

Fig 4-11 Comparison of twin bamboo mesh with flowable mortar and fibre reinforced SCM. .......cccouueveesmseenn

82

Fig 5-1. Different types of surface treatments on bamboo strips.

XX



Fig. 5-2. Prepared bamboo strips for tensile testing (average thickness of 6.6 mm). 82

Fig. 5-3. Prepared bare bamboo strips and surface-treated bamboo strips. 82
Fig. 5-4 Bamboo strip in electric furmace and tensile loading under UTM. 83
Fig. 5-5. Load bearing capacity of bamboo strips at elevated temperatures 84

Fig. 5-6. Load bearing capacity of bamboo strips coated with cement slurry at elevated temperatures. ........... 85

Fig. 5-7. Load bearing capacity of bamboo strips coated with epoxy + sprinkled sand 85
Fig, 5-8. Load bearing capacity of bamboo strips coated with FRP at elevated temperatures..............me: 86
Fig, 5-9 Fractured bamboo strips after tensile test. 87

Fig. 5-10. Effect of heating temperatures on peak load capacity of bamboo strips

Fig 5-11. Losses of tensile strength with an elevated temperature

Fig 6-1 Effect of water dosage on workability. 91
Fig. 6-2 Workability measurement of SCM with the effective w/c 93
Fig 6-3 Effect of fly ash blending and effective w/c on Rheology of SCM. 93
Fig 6-4 Rheology. 9%
Fig 6-5 Compressive strength of SCM with effective w/c. 9%

Fig. 6-6 Variation of water penetration depth (mm) in SCM with varying percentages of fly ash and different

curing durations 9

Fig 6-7 Variation of wateringression time (T25) with varying percentages of fly ash at different curing duration

with fly ash 15% and 35%. 100
Fig 6-8 Relation between water penetration depth and water ingression time (T25). 101
Fig. 6-9 Rapid chloride penetration test (RCPT) for SCM with different curing duration; 102

Fig 6-10 SEM images illustrating the micro pores in SCM with fly ash blending in different concentration ... 103

Fig. 6-11 SEM images illustrating the formation of hydrate products in SCM. 104
Fig. 6-12 Cost comparison of SCM mix with different fly ash dosage and wic. 105
Fig. 7-1 Flow in self-compacting mortar. 112

XXi



Fig. 7-2 Flow measurement of self-compacting mortar. 113

Fig. 7-3 Rheology of self-compacting mortar. 113

Fig 7-4 Strength of SCM with different effective water- cement (w/c) ratio and glass wool fiber (GWF).......114

Fig. 7-5. Scanning electron microscopy (SEM) images showing the pores in SCM cores. 114

Fig 7-6.SEM images illustrating the orientation of GWF in SCM mix. 115

Fig. 7-7. Compressive/Flexural strength ratio of self-compacting mortar (SCM) with different effective water-

cementratio and different glass wool fiber (GWF) dosage. 116
Fig 7-8 Variation of water penetration depth (mm) in GWF-SCM with varying eftective w/c and different

curing duration. 118

Fig 7-9 Water ingression time (T25) with varying percentages of fly ash at different curing duration. .......... 119
Fig 7-10 Rapid chloride penetration test (RCPT) for SCM with 90 days and 180 days curing ... 120
Fig 7-11. Effect of elevated temperature on compressive strength of GWF-SCM with heat-resisting paint (P)

and without paint 122

Fig. 7-12. Compressive strength reductions of SCM for heat-resisting paint at elevated temperature with

different glass wool Fiber (GWF) dosage 123

Fig. 7-13. Effect of elevated temperature on flexural strength of GWF-SCM with paint (P) and without heat-

resisting paint 125

Fig 7-14. Flexural strength reductions of self-compacting mortar with paint (P) and without heat-resisting

paintatelevated temperature with different glass wool fiber (GWF) dosage 126
Fig. 7-15.TGA and DSC analysis of SCM sample (W/C 0.43, FA of 25% and GWF of 0%). 128
Fig 7-16.FTIR spectrums of SCM samples after heating at 200°C, 400°C, and 800°C 128
Fig 8-1. Effect of varying dosage of RF and effective w/c 134
Fig. 8-2 Effect of Recron Fibers 134
Fig 8-3 Variation in compressive strength of SCM with effective w/cand RF reinforcement.............ccuueeee 136

xxii



Fig. 8-4(a-b) Variation in flexural strength of SCM with effective w/c and RF reinforcement (a) FS at 28 days

and (b) FSat90 days.

Fig 8-5 SEM images of for Recron Fiber Use

Fig 8-6 Effect of Recron fiber in durability.

Fig 8-7 Specimens after water penetration tests

Fig 8-8 Specimen atelevated temperature

Fig 8-9. TG and DSCanalysis of SCM control mix with effective w/c of 043.

137

137

140

141

142

142

Fig. 8-10. SEM images depicting the micro-tunnels (as indicated by arrow marks and encircled region)

generated into the microstructure of SCM (RF of 0.4%) after heating at 600°C.

Fig 8-11 Influence of elevated temperatures and effective w/c on compressive strength of SCM

Fig 8-12 Post-heating changes in compressive strength of SCM

Fig 8-13 Influence of elevated temperatures and effective w/c on flexural strength of SCM

Fig 8-14 Post-heating changes in flexural strength of SCM

Fig 9-1 Design of Bamcrete panel illustrating the bamboo mesh and core area.

Fig 9-2. Twin layers of bamboo mesh held in W-frame.

Fig 9-3. Work flow of fabrication, casting and testing of Bamcrete panels.

Fig 9-4. Bamboo mesh coated with cement paste.

Fig 9-5. Bamboo mesh coated with Epoxy + sprinkled sand.

Fig 9-6. Bamboo mesh covered with chicken wire mesh.

Fig 9-7.Wooden form work held around the W-frame

Fig 9-8. Representation of Fiber-reinforced SCM in core area of Bamcrete panels.

Fig 9-9. Styrofoam used as core area in Bamcrete Panels.
Fig 9-10. Rubberized mortar with chicken wire mesh used in Bamcrete core area.

Fig 9-11. Half-split bamboo inside the core area of Bamcrete panels.

Fig 9-12. Flow chartillustrating the sequence of casting the Bamcrete panels

XXiii

144

146

147

149

152

156

156

157

158

158

159

159

160

161

161

161

164



Fig 9-13. Different types of tests performed at Bamcrete panels

Fig 9-14. Heat Conduction through a slab

Fig 9-15. Thermal conductivity test of Bamcrete panel using Oven

Fig 9-16. Experimental setup for measuring thermal conductivity of Bamcrete panels.

Fig 9-17. Temperature gradient at internal and external surfaces of Bamcrete panels

Fig 9-18. Calculated values of thermal transmittance of Bamcrete panels

Fig 9-19. Calculated values of thermal conductivity of Bamcrete panels.

Fig 9-20.Schematicillustration of rebound hammer.

Fig 9-21. Results of rebound hammer tests conducted on Bamcrete panels.

Fig 9-22. Setup for mechanical testing of Bamcrete panels atambient conditions

Fig 9-23. Displacement sensors fixed at the bottom surface of Bamcrete panel

Fig 9-24. Electric furnace fitted over the iron frame for testing of panels at elevated temperatures. .................

Fig 9-25. Test setup for mechanical testing of panels under fire conditions.

Fig 9-26. Thermocouples to measure temperature

Fig 9-27. Temperature readings of thermocouples at the top and bottom surface of panels.

Fig 9-28. Temperature recorded for the air surrounding to the Panel

Fig 9-29. Load vs displacement plots at elevated temperature for Bamcrete panels

Fig 9-30. Bamcrete panels after testing at elevated temperatures (TS: top side, BS: bottom side). ........cccccue..

Fig 9-31. Load vs displacement plots at elevated temperature for Bamcrete panels.

Fig 9-32. Bamcrete panels after testing at elevated temperatures (TS: top side, BS: bottom side)

Fig 9-33. Load vs displacement plots at elevated temperature for Bamcrete panels.

Fig 9-34. Bamcrete panels after testing at elevated temperatures (TS: top side, BS: bottom side). ........cccccue..

Fig 9-35. Peakload of Bamcrete panels at elevated temperature

Fig 9-36. Weight of Bamcrete panels at elevated temperature

Fig 9-37. Visual inspection of Bamcrete panels for charring of bamboo (TS: top side, BS: bottom side)

XXiv

165

166

167

167

168

169

169

171

171

173

173

175

175

176

177

177

178

179

180

181

181

182

184

184



Fig. 9-38. Comparison of load bearing capacity at elevated temperature for Bamcrete panels having bamboo

mesh 186

Fig. 9-39. Comparison of load bearing capacity at elevated temperature for Bamcrete panels having core area

material. 187

Fig 9-40. Load bearing capacity of HRP coated and uncoated Bamcrete panels at elevated temperature....... 188

Fig 9-41. Crack pattern in HRP coated Bamcrete panels after testing at 600 °C, (a) panel no. 9 (414), (b) panel

no.12(441) 189
Fig. 9-42. Inspection of bamboo strips of panel no. 4 (144) after testing at 600 °C, (a) uncoated panel, (b) HRP

coated panel. 189

XXV



List of Tables

Table 2-1 Bond Strength for bamboo reinforcement under various type of treatments. 25

Table 2-2. Comparison of results obtained for Plain, Steel reinforced and BRC beams and Columns (Agarwal et

al,2014b) 29
Table 2-3. Productyield of moso bamboo pyrolysis (Chen etal, 2015). 30
Table 2-4. Documents and citations of the top 10 countries in the searched field 35
Table 2-5 Documents and citations of the countries in searched field. 40

Table 2-6 Literature of compressive and flexural strength with different raw materials.

Table 2-7 Key issues and potential solutions for Bamcrete panels. 50
Table 3-1 Physical and chemical properties of cement. 52
Table 3-2 Physical and chemical properties of fly ash. 52
Table 3-3 Properties of water. 55
Table 3-4: Mix design of concrete and mortar (in kg/m®) 60
Table 4-1. Mix proportions for single mesh Bamcrete panels 71
Table 4-2 Mix proportion of fiber reinforced self-compacting mortar. 80
Table 6-1 Mix Proportions of self-compacting mortar (SCM). 90
Table 6.2. Rheology and compressive strength data of control and fly ash based (SCM). 92
Table 6.3. Durability data of control and fly ash based self~compacting mortar (SCM). 98
Table 6-4 Cost (in Indian rupees) of individual constituents of SCM. 106
Table 6-5 Properties of SCM with permissible fly ash dosage (%) and comparison with CONtrol MiX...............ee.. 106
Table 7-1 Mix Proportions of GWF reinforced SCM 110
Table 7-2 Rheology and mechanical strength of GWF SCM. 112
Table 7-3 Durability of GWF SCM 117
Table 7-4 Compressive strength with and without heat-resisting paint of GWF SCM. 120

XXVIi



Table 7-5 Reduction in compressive strength with and without heat-resisting paint atan elevated temperature

of GWF SCM. 121

Table 7-6 Flexural strength with and without heat-resisting paint at an elevated temperature of GWF SCM.124

Table 7-7 Reduction in flexural strength with and without heat-resisting paint at an elevated temperature of

GWF SCM. 127
Table 8-1 Mix Proportions of self-compacting mortar reinforced with recron Fiber. 132
Table 8-2 Rheology and mechanical strength of RF-SCM 135
Table 8-3 Durability of RF-SCM. 139
Table 8-4 Compressive strength with and without heat-resisting paint of RF SCM. 148

Table 8-5 Changes in compressive strength with and without heat-resisting paint of RF SCM at an elevated

temperature. 148
Table 8-6 Flexural strength with and without heat-resisting paint of RF SCM. 150
Table 8-7 Changes in flexural strength with and without heat-resisting paint of RF SCM. 151
Table 9-1 Variable parameters for the cast of Bamcrete panels 162
Table 9-2 Mix design for casting of Bamcrete panels. 164
Table 9-3 Peak load values of Bamcrete panels at elevated temperatuires 183
Table 9-4 Weight of Bamcrete panels at elevated temperatures 183

XXVii



Notations

Abbreviations

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

BRC Bamboo Reinforced Concrete

CA Coarse aggregate

CS Compressive Strength

DSC Differential scanning calorimetry

FA Fly ash

FS Flexural Strength

FTIR Fourier Transform Infrared

GGBS Ground granulated blast furnace slag
GWF Glass Wool Fibres

HRP Heat Resistant Paint

IS Indian Standard

OPC Ordinary Portland cement

PCC Plain cement concrete

PCE Polycarboxylate ether

PP Polypropylene

PPC Portland pozzolana cement (fly ash-based)
RCC Reinforced cement concrete

RCPT Rapid Chloride Penetration Test

SCC Self-compacting concrete

SCM Self-compacting Mortar

SEM Scanning electron microscope

Strength Compressive strength of concrete at a particular age
TGA Thermogravimetric analysis

SSD Surface saturated dry

XXViii



Symbols and Notations

Rs. Indian Rupee

b Effective binder, that is, c+kf (kg/m?)

c Ordinary Portland cement (kg/m?®) unless otherwise stated

Cy Compressive strength of concrete of 150 mm cubes at 7 days (MPa)
Cas Compressive strength of concrete of 150 mm cubes at 28 days (MPa)
cm Cementitious material, that is, the sum of cement and fly ash (kg/m?3)
f Fly ash (kg/mq)

% Fly ash percentage (%), that is, f/(c+f)

kas Efficiency factor of fly ash at 28 days

k7 Efficiency factor of fly ash at 7 days

k-value Efficiency factor of fly ash

p Powder content = the sum of cement and fly ash and Marble powder(kg/m®)
S Natural sand or fine aggregate (kg/m®)

sla Sand to total aggregate ratio

usSD USA Dollar

W Water (kg/m?®)

w w+aF

= Effective Water to cement ratio
c+kf

> |

min Minute (time)

XXiX





