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FLEXURAL BEHAVIOR OF FLY-ASH BASED GEOPOLYMER CONCRETE BEAM
AND ITS POTENTIAL FOR STRUCTURAL MEMBERS

Bl Tl R
Atsushi SHIBAYAMA and Minehiro NISHIYAMA

Flexural behavior of fly-ash based geopolymer concrete beams prior to yielding was investigated. The authors conducted four-point
bending loading tests and finite element analyses of the geopolymer concrete and conventional cement concrete beams. The deflection
and maximum crack width of the geopolymer concrete beams subjected to bending moment based long/short-term allowable stress were
similar to those of conventional concrete beams, and it is revealed that they had applicability as flexural members. The test results
showed the bending moment-deflection relationship and the crack width can be predicted except for the flexural yield deflection by the
AlJ design standard for reinforced concrete.
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Fig. 1 Detail of reinforced concrete beam specimen
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Table 1 Test variables

s Concrete fe " b Pi
) e . Rei .
2. 520) 4 ,.ﬁ.\ﬁ ('}'ﬁﬁﬁi‘:sﬁ pecimen Type (MPa) ciflorcing bpar (%)
2.1 HERIK GPC-fc23-2D16 23
Fig.1 1237 X 9 (R BRIAIEIE 200mm, & & 350mm O K ST GPC-£c39-2D16 39 2-D16(SD295)
3 VA < £ [EA 7 f N GPC
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A EO T IR U Th 203, SRR & AR OGO RO P 1 3-D13(SD295)
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. " . Compressive strength of concrete, p,: tensile reinforcement ratio
FESRERAT & IR AT 5, 72, GPC RO RER S L L ClRgkey 1 ComPressive steng P
Table 2 Physical properties and chemical compositions of the materials
Density Blaine Chemical Composition (%)
g/em’ g/em? Ig. Loss SiO, AlLO; Fe,03 Ca0 MgO SO; Na,O K,0
FA 2.18 4070 3.65 60.4 20.4 2.66 1.14 0.54 0.01 0.14 1.13
BFS 2.92 3670 -2.15 36.5 12.9 0.16 42.2 6.38 0.01 0.15 0.32
SF 2.20 - - 96.5 0.51 0.12 0.18 0.41 0.35 - -
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Table 3 Mixture properties of GPC

Design Compressive strength W/P s/a FA BFS SF Water NaOH Coarse aggregate Fine aggregate
MPa % % kg/m? | kg/m® | kg/m? kg/m3 kg/m?3 kg/m? kg/m?
30 34.0 174 38
46.0 360 128 26 733 864
50 32.0 166 68
W/P is water powder ratio by weight and s/a is sand-to-total aggregate ratio by volume
Table 4 Mixture properties of OPC
Design Compressive strength w/C s/a Cement Water Coarse aggregate Fine aggregate
MPa % % kg/m?3 kg/m3 kg/m?3 kg/m?
30 56.0 443 349 195 745
950
50 45.0 44.8 418 188 757

W/C is water cement ratio by weight
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Table 5 Mechanical properties of concretes

Concrete type GPC OoPC
fo (MPa) 30.0 50.0 30.0 50.0
f. (MPa) 23.2 393 34.1 51.2
E. (GPa) 16.5 21.8 29.0 33.6
fip (MPa) 2.12 3.08 2.50 3.08
f» (MPa) 3.67 5.91 4.49 5.70
E,/E, 11.0 8.40 6.30 5.40
forlVf. 0.44 0.49 0.43 0.43
folVf. 0.76 0.94 0.77 0.80

fp: Design compressive strength, f.: Compressive strength, E.: Modulus of
elasticity, f,: splitting tensile strength, f: flexural tensile strength, Ej:

=1.79x10° MPa, Modulus of elasticity of reinforcing bar
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Fig. 2 Bending moment-deflection relationships
LABM: Bending moment based on long-term allowable stress, SABM: Bending moment based on short-term allowable stress
Table 6 Characteristic points on bending moment — deflection curves
S E. K. M., Oer K M, oy K, a
Specimen
MPa GPa kNm/mm kNm mm kNm/mm kNm mm kNm/mm
GPC-fc23-2D16 2.12 16.5 14.1 12.1 1.0 3.9 36.4 7.3 5.0 0.35
GPC-fc39-2D16 3.08 21.8 18.1 17.6 1.1 4.2 38.3 6.2 6.2 0.34
OPC-fc34-2D16 2.50 29.0 24.4 15.1 0.9 4.0 39.6 7.0 5.7 0.23
OPC-fc51-2D16 3.08 33.6 252 15.2 0.8 4.1 39.9 6.7 6.0 0.24
GPC-fc23-3D13 2.12 16.5 13.7 12.7 1.1 3.6 339 7.0 4.9 0.35
GPC-fc39-3D13 3.08 21.8 17.4 18.1 1.2 3.6 353 5.8 6.0 0.35
OPC-fc34-3D13 2.50 29.0 16.4 14.8 1.0 3.6 36.0 6.8 53 0.32
OPC-fc51-3D13 3.08 33.6 24.6 17.5 1.0 3.8 37.2 6.3 5.9 0.24

K initial stiffness, M., cracking moment, dc: cracking deflection, K, =

Ky yielding stiffness, a = K, /K,
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Table 7 Properties at bending moments based on long/short-term allowable stresses

5 . Law, Wy, Wias
Specimen mm mm mm mm

Long Short Long Short Long Short Long Short Long Short
GPC-fc23-2D16 2.9 5.7 5 5 194 194 0.13 0.27 0.17 0.33
GPC-fc39-2D16 1.7 4.1 3 5 394 200 0.11 0.23 0.14 0.27
OPC-fc34-2D16 2.2 4.7 5 7 190 152 0.12 0.19 0.18 0.39
OPC-fc51-2D16 1.5 4.4 5 7 212 130 0.07 0.24 0.10 0.39
GPC-fc23-3D13 2.6 5.6 5 8 220 128 0.08 0.12 0.10 0.18
GPC-fc39-3D13 1.6 4.2 6 6 195 195 0.12 0.20 0.19 0.29
OPC-fc34-3D13 2.0 4.8 7 7 151 151 0.06 0.20 0.11 0.22
OPC-fc51-3D13 1.3 4.1 6 6 179 179 0.08 0.23 0.13 0.27

d: deflection, ne-:number of cracks, /iv: average crack space Way: average crack width, Wipax: maximum crack width
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GPC RT3 2 ItE & EE T 5. S &I, MEREFHEERRRET 247 5
BXCRFIE 00— & 72 2 O OFUIR IS 2082 72 O OB L IR #E A
FEITH L TH, RCHMEOFHF I IEOM MM ZRFET 5,
4.1 BAIFRRR S LIBT DR T A iE

(D) T OOEI LA

Table 8 (2RO T OOEII SO FHHAEF L ORI & o Ly
BERT, ROV, dFOEIRRE, i O OEuR E
A% RCHEEITHEILL THIE L7, SMEOH BRI T TH 5,

1
femt 1 @)
Kb Ks
My = foZ, (3
M
o = o

ZIC, K ZoglHRivE, K RodhiFmirk, Ko 2o¥ ol
%, Mo FOOENEE, fiiar s V— o5 EmE
Z o8k fh & B 58 LT WiiEfR g, 8o 20 T OOV BINBRE R 7 o 4T
Hb, ZOMYRAMEZ R LT 512H720, Wi ZkE— A > M2
ERfH & B IR LI SN IRE— A hE, a7 ) — SO
Yo S RBICITFERE A Az, RIFRIZHVW. GPC ORT YV v
X OPC EREETH D2 9, R7 Y vothid=ar 7 U — Mk
WCEST 0.2 BV, E£77, ZOMFOOEINIRES,IZL T OR;
XD RH L,
= 0.56Vf, (5)

Table 8 725, RC HUERLHOFF LT GPC RO, ik
FOUFSRE, #hiFOOEINRERT-DH % OPC & R%E DK
ECTHRHETRETHY, okEHEEHEL TS I Enbnd,
(2) BT BRIR AL

Table 9 (2420 il BRiR A D FHELE TS & OVFEBRAE & oD beie kb R %
T, ORI EE L FITRT,

7
My = atfygd (6)

2

- @ d @
a = (0.043 + 1.64np, + 0.043 7+ 03377, (5)

= gg ®
T IT, My RO RERTREE, a SRABITEAE, f, @RARPRR TR L
dEDE, afEREORMPERTE, niv o 7RI, piolReks
L, SEAMTASCLE, n L, DI, 6, RO T RER SR
W72 bHiThHs, (MR EEBX O THL, BHXOGFHHEIC
WL 70 5 v TAREURIZ I BERER Ok B2 Tz,

F7°, o P ERBEOFREL, GPC 2o F8HED 98~103%
TH Y, GPC ZOMITHRIEE L RC HEOXE AN D 2 & THE
BLHEHTRETH D,

—J5C, BEHNUC L DMIPER T ROHEMEIX OPC ROMIPEKT
RNERE D 66~T3% 2725 DK LT, GPC Zlzxi LTI
52~57%\272 572, RC HIUEDMFHN 8.14 [ITRENTWVDH LB
WERUZ K2 WML FROFmE 1L, OPC %o 7= RCHM D E
BRIk L TR Bk 30%OHEMICINE S, LoT, RERT
B Hi OPC ROMMAR FROFHMAERIL, HHXNARA LT
W5 RIS EE ORPAICIE > TV D EWVWE B, LrLAaess, GPC
BRI L THEZ I D I 5T/ 10~20 A1 > MBRFEEMME 725, £
-7T, RCHMEOHIMHER TEOHATREZOEEMN N5 L, OPC E
L AZE D REEE Tk GPC RO IR T 2 % 3]l T & 7e U,

Ze o T BRI 7= o AR 0 BT BRARGREE,  #IIRIIE S 1 O
BETHED 3 S>OFRMMOHEEBEND, LoT, HITREKIFZ b
i, SRR OB E BB A 2T D08, R L L TAERTIE,

Table 8 Comparison of cracking points

Ke,cal Mcr,cal 6cr,cal

Ke,cul Mcr,cal 5£r,cal

Specimen Ke,exn Mcr,exp Scr,exp

kN/mm kNm mm

GPC-fc23-2D16 18.6 1.31 11.0 0.91 0.59 0.58

GPC-fc39-2D16 229 1.26 14.3 0.81 0.62 0.57

OPC-fc34-2D16 28.9 1.18 13.3 0.88 0.46 0.51

OPC-fc51-2D16 32.8 1.30 16.3 1.07 0.50 0.63

GPC-fc23-3D13 18.2 1.33 11.0 0.87 0.60 0.57

GPC-fc39-3D13 22.6 1.30 143 0.79 0.63 0.54

OPC-fc34-3D13 28.6 1.74 13.3 0.90 0.47 0.47

OPC-fc51-3D13 324 1.32 16.3 0.93 0.50 0.50

Table 9 Comparison of yielding points

My cal % A cal % 6y.cal %
Specimen v.exp exp y.exp
kNm mm
GPC-fc23-2D16 1.03 0.20 0.57 10.1 1.38
GPC-fc39-2D16 0.98 0.18 0.53 9.1 1.47
OPC-fc34-2D16 34 0.95 0.17 0.73 7.6 1.09
OPC-fc51-2D16 0.94 0.16 0.67 7.1 1.07
GPC-fc23-3D13 1.03 0.20 0.57 9.6 1.37
GPC-fc39-3D13 0.99 0.18 0.52 8.6 1.47
OPC-fc34-3D13 9 0.97 0.17 0.53 7.2 1.06
OPC-fc51-3D13 0.94 0.16 0.66 6.7 1.07
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Fig. 3 Comparison of estimated and observed responses

OPC B L TIIREED LWl L 22> T35, —J, GPC BT
LTI, RTLATHEE W BKGEM & 225, GHHE CTROZED

BRRAFHMEE Fig.3 ([T 7, RIS bEFMIT GPC 2o %
RG7= DL EWMRAML TV D Z & AFHInd,
FFAIL OPC 2 L72% < @ RC M O EHAE RIS E

A TH D, AIETHRZLH1Z, GPC FIZX LT, OPCIZLb
RC%H&H&@&@FW% CEHAEZEET L LERN
. (DADZRIT, :/7)%B®Mﬂ%i# VI A M IET O

%:%@?/7ﬁﬁ%n®#T% 72, GPC Blzxtd 2B EH D
FHAG 2 RS DI, 208 THEOREOEERLETH S,
LT, ZZTiEk GPC B dFRRKFz A2 K5I B < 35
HORALE L TEHROW HHOBREIC YW TRET 5, 2o
AT T BRI 72 b A OB H T2 1, BEIS FRUSOEH O
IR OB A RAT B 72, BIICHWV 2 2o i RARTREE 5
FOWIHRAEIC T EREREZAVD L L, ERTH LN
GPC Bk o fl i F BRI oA & FHMFRZEAS 1%LL | & 72 5 T
KB OB A INAGE I L0 B Lz, 20k R1E, GPC-fe23-
2D16 #BR{AA 3.19, GPC-fc23-3D13 #BRIADS 3.59, GPC-fc39-
2D16 #BRIAN 3.58, GPC-fc39-3D13 iRER (A 3.98 TH Y, TD
FHEIL 859 Thote, ZOMHIE, EHROTOFRKTHS 1.64
DK 2.2 [FITHEY T 5, Dbk 50 HFRE OB EETES
%52 LT GPC ZoOT BRI DA OIS EZ R LsE5 2 &

ﬁﬁ%fdﬁ%ﬁﬁ@ﬁéhfwéo*M%KL
IEHBDOT —F DIFRSLETH D

MIRET
T 5 M%ﬁé
4.2 VDUEINIF
AKHCHE, RCHIMEC 5 O OEHUBTAIERE D GPC RICKH 2
B % BT 5,

RC HUETIIA I8k 7 I2BWT, EHMmERICBITD
CHIUIE O % Bl F O T T 5.

Wonax = 1.5Wope

E S IAERN0N

(10)
Wave = lave€ave T lave€sn (1
2T, Winge RO DOIVIE, Wy FEJOVEINIE, 1 FHOD
TR, egpe FRIBKTOT B, e BRI O ThH 2
ZZTHEOH# RS, RC FHEZE WM RO O OEUE
DFHIE E LTWD R, E ORI DFUE S IE OO e F IR iE
DO HEMEIRECH D, ARFEBRIC ﬁmf&%ﬂﬁ%f%~fyb
DMER U7, 8K I3 TH 2 N OB E R IREEIZE L T
&mottm,%@20@%#%%t¢@%ﬁ@%ﬁ%~fyhﬁ
ARFOEFFER LT 52 L THEAMEZHRIET 52 L & L2, RC
m@wﬁﬁﬁuﬁ%ﬁW%Ufﬁwﬁﬁﬁﬁﬁéﬁ,:m@%ﬁo
OEINFEZICB T 200E MO =7 Y — N OFBRITHETIC K
OENIREMNZEET Db DO TH D, KRB TIRBR =A% Lt
W% e LTEY, nofffid 3 LN TIThbivz-0, AFE
(23 2 i OO U8 0 REBRIHE 12 & D O\OSRIAUIE BN 0 52 2813

Table 10 Comparison of crack properties between calculation and test results

Average crack spacing Average crack width Maximum crack width

Specimen Cavexy exp. cal. cal. exp. cal. cal. exp. cal. cal.

[ mm mm exp. mm mm exp. mm mm exp.

GPC-fc23-2D16 1374 194 0.88 0.27 0.23 0.85 0.33 0.35 1.07
GPC-fc39-2D16 1318 200 0.85 0.23 0.22 0.97 0.27 0.34 1.24
OPC-fc34-2D16 1237 152 i 1.12 0.19 0.21 1.08 0.39 0.32 0.81
OPC-fc51-2D16 1064 130 1.31 0.24 0.18 0.76 0.39 0.27 0.70
GPC-fc23-3D13 941 128 1.15 0.12 0.14 1.11 0.18 0.21 1.14
GPC-fc39-3D13 1224 195 0.75 0.20 0.18 0.90 0.29 0.27 0.94
OPC-fc34-3D13 1429 151 7 0.97 0.20 0.21 1.04 0.22 0.32 1.41
OPC-fc51-3D13 1363 179 0.82 0.23 0.20 0.88 0.27 0.30 1.11

Eave 1s average of tensile reinforcing bar strain
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ez SRSz,

Table 10 ([ZFAFFA #T T — A > MMEHEEO O OEIHUIE O FEE
LEEMEoLEE AT, £, RC MU L B FEHOOENREEE

AT, GPC RO OOHENRIEEZRE 2 T > 12— 270350,

FEOOENRMEA R EWEE, FRAZOOEINEZ KX < FE
t %, RCHIED GPC IZxtT 2 F IR BEIE-25%~16% CThH v, Zh
13 OPC £ ?D-18%~31% & BB ARIE ThoTo, EROIT L& %
BT 5 E RC HMED FIEICL 2 00ENEREO GPC BiZki4 25
PEMREEE 1L, AR RSB OMEIRH B L I1EB X LR,

W2, FHOOENEOFTERERICEH T 25 &, RCHIHEDL GPC
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HEOBEDOHFRRE 5L TW5,
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THHARETHILEBEZOND,

5. GPC R0eHITEENICEET 5 FEM fR4T

AEBRIZBWT GPC 223, #imrgiicid=ar 27V —rov o
BREDLIICERK LT OPC 2LV LB BRKEL o, OV
T L O KW L OVEFFA T ' — 2 v MERROTZHh A
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Fig. 4 Analytical Model
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Fig.5 Comparison of analytical and experimental responses
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Table 11 Specimens for numerical analyses

Uniaxial
Compressive Modulus of
tensile
Specimen strength Elasticity
strength
MPa GPa MPa
£.30E.3012 30.0 2.0
Je30E:20f,1 1.0
F.30E.20£2 20.0 2.0
EEE— 30.0
f:30E.201,3 3.0
J30E 1512 2.0
EEEEE— 15.0
[30E. 1513 3.0
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Fig.7 Analytical results of moment-deflection relations
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FLEXURAL BEHAVIOR OF FLY-ASH BASED GEOPOLYMER CONCRETE BEAM
AND ITS POTENTIAL FOR STRUCTURAL MEMBERS

Atsushi SHIBAYAMA *' and Minehiro NISHIYAMA **

T Research Engineer, Central Research Institute of Electric Power Industry, M.Eng.
% Prof, Dept. of Architecture and Architectural Eng, Kyoto Univ., Dr.Eng.

Geopolymer concrete has the potential to be an eco-friendly alternative to cement concrete because CO2 emissions in
its production process can be reduced and industrial by-products such as fly-ash can be used effectively.

The present study investigates flexural behavior of fly-ash based geopolymer concrete beams before yielding and its
applicability as a flexural member. Eight beams consisting of four fly-ash based geopolymer concrete beams and four
ordinary Portland cement concrete beams were cast and tested under four-point flexural loading. The experimental
variables are combinations of reinforcing bar diameter and number of reinforcing bars, compressive strength and
concrete types. In addition, non-linear three-dimensional finite element analyses were carried out.

Bending moment-deflection behavior, crack width, crack space and number of cracks were examined. The experimental
results were compared with the proposed equations provided by the AlJ design standard for reinforced concrete. The
deflection and maximum crack width of the fly-ash based geopolymer concrete beams subjected to bending moment
based on long/short-term allowable stress were similar to those of ordinary Portland cement concrete beams, and,
therefore, they have an applicability as flexural members. The flexural behavior of fly-ash based geopolymer concrete
beams prior to flexural yielding, except for the yielding deflection, could be predicted using the AlJ design standard.
Making modifications to the coefficients related to the Young’s modulus ratio improved the accuracy of the prediction of
yielding deflection.

Although Young’s modulus of fly-ash based geopolymer concrete was lower than that of ordinary Portland cement
concrete, the post-cracking stiffness of fly-ash based geopolymer concrete beams were not largely different from that of
ordinary Portland cement concrete beams. The results suggested that the effect of tensile strength on the flexural
behavior of the beams was greater than that of Young’s modulus of concrete.

In addition, the crack width of the fly-ash based geopolymer concrete beams was similar to that of the ordinary Portland

cement concrete beams, and could be predicted by the AlJ design standard for reinforced concrete.
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