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Abstract

Project Code : TRG5380015

Project Title : METHOD DEVELOPMENT FOR ESTIMATION OF MIX PROPORTION OF
HARDENED CONCRETE

Investigator : Dr. Warangkana Saengsoy
Construction & Maintenance Technology Research Center (CONTEC),

Sirindhorn International Institute of Technology, Thammasat University

E-mail Address : warangkana@siit.tu.ac.th

Project Period : May 2010 — May 2014

This study is aimed to develop a method for determination of mix proportion of hardened concrete.
The method for determining concrete mix proportion, consisting of contents of cement, fly ash,
coarse aggregate, sand, and w/b ratio was proposed in this study. In the analysis, three major
investigation techniques were implemented. Image processing technique was used for
determination of coarse aggregate content. Water to binder ratio was calculated from data back
analysis of the compressive strength by using a computer software developed at CONTEC.
Cement, fly ash and sand contents were obtained based on the residues after selective dissolution
of the sample. The developed method was applied to estimate mix proportions of concrete
prepared in the laboratory with known mix design in order to verify its efficiency. The analytical
results indicated that the developed procedure and analysis method can be applied for determining

the mix proportion of hardened concrete with a satisfactory accuracy.

Keywords : Mix proportion, Hardened concrete, Fly ash, Water to binder ratio
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BS 1881: Part 124 [1] is a standard test method for analysis of hardened concrete. This
method describes the sampling procedures, treatment of sample, and analytical methods to be
used on a sample of concrete to determine the cement content, aggregate content and other
concrete compositions in hardened concrete. The techniques used in this standard are such as
oxide analysis, extracting soluble silica or loss on ignition method. Subsequently, those data are
indirectly used to calculate percentage of cement or other compositions. However, some
procedures have limitation such as aggregate grading test is only applicable to concrete containing
essentially insoluble in dilute hydrochloric acid. Moreover, this standard can be applied to concrete
made with Portland cements and, in favorable circumstances, contained ground granulated blast-
furnace slag, but the determination of pulverized-fuel ash content are outside the scope of this
standard.

M.S. Jung et al. [2] presented a new technique of analyzing the acid neutralization capacity
(ANC) data to identify a concrete mix design. The suspension of concrete was formed in still water
and nitric acid to produce the variation in the pH. As a result, the pH of the suspension for
concrete at a given concentration of the nitric acid was dramatically decreased at around 10 in the
pH, depending on the aggregate content, of which characteristics was used to determine the
aggregate content in a concrete mix. Simultaneously, an increase in the w/c resulted in decrease
pH, of which the empirical equation was adopted to determine the w/c. As the there is no
difference in the ANC characteristics between coarse and fine aggregate, only total aggregate
content encompassing coarse and fine aggregates was determined in this study. This method is
limited in applying for all unknown concrete mixes, because the fitted equation (the aggregate
content vs acid concentration) may be dependent on binder type. Thus, the variation in binder type
must be preliminary known, although information for determining the aggregate content was

applicable to only OPC in this study.



2.2 mﬁLﬂi’lzﬁmﬂ%mmgu%mmﬂuﬂaun‘%mﬁLL%@&T’J W2

G.G. Clemena [3] evaluated the method of selective dissolution by methanolic maleic acid,
developed by Tabikh et al. for the determination of cement content in hardened concrete. It was
found to be relatively simple and inexpensive, and is accurate to within £1% point cement at the
95% confidence level with the use of calibration curve. Such factors as aggregate and cement
compositions, curing time, and water-cement ratio were investigated as to their effects on the
method. Among these factors, aggregate composition was the only one found to have a significant
effect on the analytical results. In addition, the determination of cement content by the
measurement of the specific gravity increase in a methanolic maleic acid solution was also
investigated, but was found to have unsatisfactory precision.

American Society for Testing and Materials (ASTM) C1084-02 [4] is standard test method
for determination of Portland cement content of a sample of hardened hydraulic-cement concrete.
This test method consists of two independent procedures: an oxide-analysis procedure and an
extraction procedure. Nevertheless, the procedure is also applicable estimating the combined
content of Portland cement and pozzolan or slag in concrete made with blended hydraulic cement
and blends of Portland cement with pozzolans or slag. But, the test method should be applied to
determination of the blended cement content of the pozzolanic content only by use of calibration
concrete samples on other information. Then, indirectly calculating the percentage of cement by
assuming from analyses of silica and calcium oxide in the original cement used; consequently, it is
not applicable to concrete that contains aggregates that yield simultaneously significant amounts of
silica and calcium oxide under the conditions of the test.

Lucia Linares et al. [5] proposed the stain method for determining cement content in
hardened concrete by image capture and treatment of the stained specimen images. The samples
resulting from this process are stained the cement paste through immersion in a solution of tannic
acid (3%in weight) acidified with tartaric acid (3% in weight). This stain process is equally valid for
young concretes with an abundant alkaline reserve and for old concretes with an advanced
carbonation degree and it can be used for concretes manufactured using cements with admixture
as long as there is a calibration curve prepared with this type of cement. The result obtained with
this method is similar to those achieved by the ASTM reference method. In addition, the method
developed has no dependence on the composition of the coarse aggregates, whereas the ASTM

method.



H.S. Wong and N.R. Buenfeld [6] proposed a new method to estimate the initial cement
content, water content and free water/cement ratio (w/c) of hardened cement-based materials
made with Portland cements that have unknown mixture proportions and degree of hydration. This
method first measures the volume fractions of the unreacted cement, hydration products and
capillary pores, using high resolution field emission scanning electron microscopy (FE-SEM) in the
backscattered electron (BSE) mode and image analysis. From the obtained data and the volumetric
increase of solids during cement hydration, we can calculate the degree of hydration. The
proposed method has the advantage that it is quantitative and does not require comparison with
calibration graphs or reference samples made with the same materials and cured to the same
degree of hydration as the tested sample. The original cement content is calculated. The result is
plotted against its actual values. For each data point indicate the 95% confidence interval calculate
student’s t-distribution. However, the preliminary results show that the proposed method is
applicable to ordinary Portland cement pastes with a range of w/c ratios (0.25-0.50) and curing

ages (3-90 days).
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S. Ohsawa et al. [7] studied the quantitative determination of fly ash in hydrated fly ash-
CaS0,4-2H,0 -Ca(OH), system, various kinds of selective dissolution were evaluated using pastes
made from a single representative fly ash. Selective dissolution using picric acid - methanol
solution was found to be adequate. Selective dissolution using picric acid - methanol + water can
also be used, when it is necessary to save time, although rather bigger corrections are needed.
Reproducibility of the determination by both methods was found to be satisfactory, as the standard
deviation of the measurement was within 0.23 - 0.55%. Several dissolution experiments were also
carried out to obtain the basic information related to this technique.

R. Doug Hooton and C.A. Rogers [8] proposed methods developed for determination of
slag and fly ash content in hardened concrete. The optical microscopy method involves preparation
of thin sections of the concrete and point counting to obtain the number of fly ash grains for
estimating fly ash content substitution in Portland cements. These are compared to a set of
calibration standard sections. This technique is satisfactory where the engineer wishes to know
rough proportions on the scale used, and the importance of knowing the particle size distribution of

the fly ash is crucial to obtaining an estimate



F.J. Presuel-Moreno and A.A. Sagues [9] investigated of conduction to assess the
applicability of magnetic methods for determining FA presence and content in hardened concrete.
Reproducible measurements of magnetic susceptibility )(m of laboratory and field extracted
concrete core samples were achieved with simple instrumentation. There was a nearly linear
relationship between Ym and the mass of fly ash per unit volume, or its volume fraction. The
magnetic response of a given FA was not significantly affected by the process of curing and
subsequent evolution of the concrete over two years, or by carbonation of the concrete. Field
extracted concrete cores exhibited a wide range of (m values. The group of specimens with the
highest values of (m also had the lowest chloride ion diffusivity, consistent with the presence of
admixed FA. Conversely, specimens with nil magnetic response included those from concrete with
the highest chloride diffusivity. The magnetic measurements provided reasonable order-of-
magnitude indications of FA presence in field extracted cores. However, precise determination of
FA content from magnetic measurements of field cores does not appear feasible in the absence of

additional information.
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J. Elsen et al. [10] presented results of the w/c ratio determination of hardened cement
paste and concrete samples on thin sections using automated image analysis techniques. Two
series of samples prepared in laboratory conditions have been used as ‘reference samples’ to
develop and to evaluate procedures for measuring the w/c ratio by image analysis techniques: a
series of pure cement paste samples and one of concrete samples. Three different image analysis
methods have been employed: an interactive, an automatic method with thresholding of grey
values by the operator, and a fully automatic method without thresholding. The measurements on
the pure cement paste samples confirm the direct relationship between the w/c ratio of the samples
and the mean grey value measured on thin sections. The results of the measurements of the thin
sections prepared out of the reference concrete series also indicate a clear relationship between
the w/c ratio and the mean grey value but these measurements are less reproducible. The main
cause of this variability with the concrete samples is the difficulty in selecting threshold level

values.



All the measurements here have been performed for cement paste and concrete samples
which have been cured under laboratory conditions for 28 days. The results cannot of course be
transferred in a simple way to field concrete.

S. Sahu et al. [11] developed methodology for the determination of the water—cement ratio
(w/c) in hardened concrete using backscattered electron imaging (BEI) by a scanning electron
microscope. The method is based on concrete sections that have been vacuum impregnated with
epoxy and polished to a flat surface. The backscattered intensity of the epoxy is the lowest
compared to all other phases present within a concrete. By using image analysis program and
setting an appropriate threshold of the gray scale the capillary porosity of the concrete can be
quantified. The technique has been tested for laboratory specimens of known w/c ratio and shows
good linear correlation. w/c ratios determined on field concretes show very good correlation with
results obtained on the same specimens using the standardized fluorescence microscopy Nordtest
method (NT Build 361-1999) except in the range of extremely high water—cement ratios exceeding
1.

H.S. Wong and N.R. Buenfeld [6] proposed a new method to estimate the initial cement
content, water content and free water/cement ratio (w/c) of hardened cement-based materials
made with Portland cements that have unknown mixture proportions and degree of hydration. This
method first measures the volume fractions of the unreacted cement, hydration products and
capillary pores, using high resolution field emission scanning electron microscopy (FE-SEM) in the
backscattered electron (BSE) mode and image analysis. From the obtained data and the volumetric
increase of solids during cement hydration, we can calculate the degree of hydration. The
proposed method has the advantage that it is quantitative and does not require comparison with
calibration graphs or reference samples made with the same materials and cured to the same
degree of hydration as the tested sample. The original water content is calculated. The result is
plotted against its actual values. For each data point indicate the 95% confidence interval calculate
student’s t-distribution. However, the preliminary results show that the proposed method is
applicable to ordinary Portland cement pastes with a range of w/c ratios (0.25-0.50) and curing

ages (3-90 days).



2.5 M13ATENINIaINKeulasds Image processing

Weixing Wang [12] studied a local thresholding algorithm for binarizing gray scale images
of aggregates from gravitational flow-falling particles. The algorithm repeatedly thresholds an
aggregate image until no object can be thresholded any further. Before thresholding an object, in
each iteration of the thresholding process, the algorithm calculates the size, shape and range of
gray levels of the object. The algorithm has been implemented in an on-line system and the field
test result show that it works under certain conditions.

Larry Banta et al. [13] described to approach for predicting particle mass based on 2D
electronic images. Crushed limestone aggregates, similar to those used in asphalt pavement
mixtures were placed on a light table and imaged using a CCD video camera and frame grabber.
The images were processed to separate touching and overlapping particles, define the edges of
the particles and to calculate certain features of the particle silhouettes, such as area, centroid and
shape-related features. A multiple linear regression model was created, using the dimensionless
parameters as regress or variables to predict particle mass. Regress or coefficients were found by
fitting to a sample of 501 particles ranging in size from 4.75 mm< particle sieve size < 25 mm.
When tested against a different aggregate sample, the model predicted the mass of the batch to
within £2%. The approach was based on a low cost vision system and image analysis. The
algorithms were tested on a limited number of samples, and have produced encouraging results.

J.M.R. Fernlund [14] proposed a 3-D method for particle shape determination of coarse
aggregates using image analysis, IA, is presented. It is based on the measures the axial length of
all three axis of every particle in a coarse aggregate sample. Two images of the entire aggregate
sample are taken, in lying and standing positions. Since the particle’s intermediate axes are
measured in both images they can be used to couple the shortest and longest axial dimensions for
each particle. The method allows an interpretation of length/thickness, length/width and
width/thickness ratios of all the particles and is thus comparable to the flakiness and shape index
tests. This method for shape determination gives a very good measure of both the size distribution
and shape distribution of all the particles in the aggregate sample. The reproducibility of results is
good. As previously stated sieving does not directly measure any particle in the sample. In contrast
the IA measures every particle. This new IA method can be used to evaluate the results of other
aggregate tests that use sieving in the methodology.

A. Abbas et al. [15] developed method to determine the residual mortar content of recycled
concrete, to serve as a quality control tool for such aggregates. In order to validate the results

8



obtained by that laboratory test procedure, image analysis was used to quantify the residual mortar
content in the different size fractions of the recycled concrete aggregates tested. The results
confirmed that the quick laboratory test provides an accurate measurement of the residual mortar

content in recycled concrete aggregates.
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(0 Selective dissolution
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3.4.2 nMNInadgau Scanning Electron Microscope on Back-Scattered Electrons (BSE) technique
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3.4.3 nMInagaulay X-Ray Diffraction (XRD) technique
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3.4.7 nInadaurIdIanmaaINney lag Image processing technique
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Tagi Lol WA Iy AaiwiinasniensmInagay Selective dissolution 283FIaEN
UnBLnd ULAzNIATINezdnn audal Weg, Weg UWAZ Wpg ﬁa%mgﬁ’mﬁfmlﬁwaagu%mu@i{ el
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@@%mﬁwaomaimaué’m w/c ﬁaé’mwmuﬁ'}@iafz«qﬂizmu

3 o a a 3 a o
launily gasiukauTaInauNInzAndaLSINATABUNIA 1m” uazaanulugnzduan
AIuA9 (SSD) A9tk USNaTUIRARIUNFNABUNTAGAE 1000 AAT VBIABUNIALEAS LAAIRIAIN

d =y 1 1 v 1 1 o 1 1
(4.6) BIUSUATVDILARZFIUHFY FINITAR LHINNNNTEIANIANE I UNITYBILAREHIUNANN

A o & a ~ & a b o a
WTnaluaENNIf  (4.5) A dSnauBiuud wanuendon uazih ludadiunaunaunia

T laINNENAIN (4.7)

W¢ =V¢ x SG¢ A

lasf Vi, Ve Vs Vi, Vg 4z V. fa USuesvainawnie Qu%mu@? NIRTINALLDEA B0 WIRTINA

air
a o o . 3 J
RENULAZEINNAYBINDUNTA 1000 803 awiaU  (liters/m) SGg,SGg uaz SGg Aad1A
J o IS 6 a o Rt A
AWIUN VDI UDLUUG WIHIINALILA LA WINIINANLL awaay We Wy ez Wy, @9

a a & a ¥ @ a 3
U uslune 83890821000 wazi lugasiuwHaunawnIa (kg/m")

Aa s Y] 1 I3

4.4 HANINATITAM AT IRHANADUNIANTNYBTLUBAR I
441 wWanIWIUINIMNIRIINKLIY

USumaranuneuluaiagnsnannia mmmmvl,@ﬂ@mmiﬁmauﬂ%mm@”@ua:mmgﬂ'ﬂﬁ'}
[ aqz/ % a di a 6 d? d' ] gl/ ni % (> A a
A0 N LTADNNIUADIIUTUNTNINILATIZARIN AU DININTINRENUG aNUNRUIN AR TIUTH
VU RU LA UNTANA I LG LRAIIHANTIN 42 INNAMTLATIZR WUTHA1ANY

\ . 4, ; i 3 & \ .
AMALAREUIZAING 0.93 fld 5.28% TIAANNANIALARAUGIFAT 5.28% Wia 54 kg/m tudiadnlal

1 1 dl Q v
mmmzag‘lumamamﬂl@
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N3N 4.2 USRI TINRENUNALATIER La

Design Coarse Estimated Coarse
Sample Aggregate Content Aggregate Content % Err.
(kg/m’) (kg/m’)

W45C-A 1047 1033.3 -1.31
W45C-B1 1062 1071.6 +0.93
W45C-B2 1025 1037.7 +1.24
W55C-B2 1025 10791 +5.28
W65C-B2 1025 1054.1 +2.84

Note: - and + is underestimate and overestimate respectively.

442 wamsmé'mﬂd'mﬁwiafi’aqﬂszmu
ANINAIDATAINAUNTAN LAANNNNINAFAL LIFAIAIAITINN 4.3 é’m’]muﬁmafm}ﬂi:muﬁ
laannisdwindannauaindinasTuLIaauadnawnIa lagltldsunsnaauniieaas “FACOMP”
@ { =< v @ ' ) { o oA Y o o ' by
LEAINIATIIN 4.4 Gmﬁ]:l,ﬁuvlmwa@mmum@]ma@;ﬂizmuﬁmmmvl@ﬁmslﬂaLﬁmnuamﬁmum
> o A o A A A =& A @
@1ma@'ﬂi:mmaaa@muwawmaﬂLmuvl,'; I@ﬂummmﬂm@maaugaqw 6.67% TIRNNITDHUEU

vLﬁ']']’?%ﬁ%’] LD RN N’]?ﬂlﬂ%ﬂﬂiiﬂi’]zﬁ%ﬂ DATEIWUNG B’Yﬁ@]ﬂ‘it RUBVDIADWNIANUTIA LLE‘?’JVL@T

AN 4.3 NAIATAINAUNTAN LAANNIINAFAL

Compressive strength (MPa)
Sample
14 days 28 days 91 days
W45C-A - 43.99 48.95
W45C-B1 - 41.30 46.81
W45C-B2 33.96 - 41.87
W55C-B2 22.61 - 33.04
W65C-B2 17.66 - 23.23
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A o . T A o @
AN 4.4 a@li’lmuu’mma@;ﬂiza’mﬂmu’smvl,@

wic
Sample Design 14 days 28 days 91 days
Estimated | Error (%) | Estimated | Error (%) | Estimated | Error (%)
W45C-A 0.45 - - 0.42 -6.67 0.44 -2.22
W45C-B1 0.45 - - 0.43 -4 .44 0.45 0
W45C-B2 0.45 0.45 0 - - 0.48 +6.67
W55C-B2 0.55 0.57 +3.64 - - 0.56 +1.82
W65C-B2 0.65 0.65 0 - - 0.69 +6.15

Note: - and + is underestimate and overestimate, respectively.

443 HANIINAFAUNILAN

NIMINagauNLAdllagnisnagaunIinazans (

Selective Dissolution) 28438AUAT

o ' a A& ° . . ) o A o &
AIDLWADUNIA TINANITNARBUNIINIAEANY ( Selective Dissolution) I@]Ui%ﬂi@l,waﬂ’]ﬂza’]ﬂl’wa@l

' { { & WM o
uazEIwnALAaL N TnaIflIznay LAAIIAlWaNTNN 4.5 e 4.6 Gﬁwamsmaauﬁvlngﬂ

P Ul NI LA TE AR T T IR RN A UNTAANRUNIINNEND MILT a9

NN 4.5 NANINAREUNIYINaZaY (Selective Dissolution) °11aagusﬁmmﬁmzmmmauﬁm

Residue (%)

Materials
A B1 B2
Cement 0.420 0.417 0.417
Sand 94.935 96.671 96.671

N9 4.6 NANNINAROUNIINAZaY (Selective Dissolution) V846288198 UNIA

Residue (%)

Sample
14 days 28 days 91 days
W45C-A - 55.837 55.442
W45C-B1 - 59.437 59.323
W45C-B2 61.374 - 60.965
W55C-B2 64.380 - 64.011
W65C-B2 66.628 - 64.405
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444 HANIATWIMAAFAIWBHANVDIADWNIA
RARIBNRNTDIAAUNIANEIUITH LG LAZAIAIUARIALARDW VIR RARIWNEY LLRAI L6 L1k

A o @ A ean o ' o P oA
ANINN 4.7 4T 4.8 NFIAU INNNANITILATIZRA LANLIN FOFIBNINUDIADUNITANAIWI DL LA T AN
1ﬂ§Lﬁﬂaﬂ”u§{'@ﬁauwawmaaﬂauﬂ%@ﬁaammuvﬁ“I@ﬂﬂ"]mmﬂm@mﬁaugozgmaam gwﬁmmf 178
FINALLAUALRENIRTINRENY WANYNNU 5.88 %, 7.56 %, 4.49 %, WAL 5.28 % @NS1OU FIRIUAN

A = 4 = & a a @

ANUANALARBULAREVDINN YUTLUUA MIATINALLDUAURLIIATINREIL Jen Wil 588 %,
756 %, 449 % LR 528 % eNUEGU  TIZAB I TNNITILATICARITAFIBNRNADUNTAN
PR UD mmm?mﬁ:ﬁmﬁ@dmwauﬂauﬂ%'mﬁﬁa”@mmuﬁwim"'ﬁqﬂs:mmmzmmwﬁu@m@m
nuld wananfidimaniniienzimdadiunaunauniafiangdng gnuldadnuduii netiiiasan
ladnsRaanfansvetaigrasneunia lasnmsihaanmufadjisonlawstuaniuluns

AR

AN 4.7 FARIUNFNVDIADWAIA

. Cement Water Sand Limestone
Mixer | Age | wic | md) kgmd) | (kg/m?) (kg/m?)
W45C-A | Design | 0.45 419 188 727 1047

28 | 0.42 430 181 751 1033
o1 | 044 424 187 741 1033
W45C-B1 | Design | 045 207 183 737 1061
28 | 0.43 405 174 757 1072
o1 | 045 394 181 747 1072
W45C-B2 | Design | 045 407 183 776 1025
14 | 045 393 177 790 1038
o1 | 0.48 384 184 779 1038
W55C-B2 | Design | 0.55 360 198 776 1025
14 | 057 333 190 766 1079
91 | 056 333 186 776 1079
W65C-B2 | Design | 0.65 322 210 776 1025
14 | 065 307 200 786 1054
91 | 0.6 312 215 741 1054
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AN 4.8 AN1ANUARIALARDUYDIFAFIWNRNVDIADWNIA

Mixer Age % Error -
w/c Cement | Water Sand Limestone
W45C-A 28 -6.67 +2.79 -4.06 +3.21 -1.31
91 -2.22 +1.26 -0.99 +1.88 -1.31
W45C-B1 28 -4.44 -0.57 -4.99 +2.58 +0.93
91 0 -3.26 -1.11 +1.29 +0.93
W45C-B2 14 0 -3.32 -3.32 +1.75 +1.24
91 +6.67 -5.70 +0.66 +0.39 +1.24
W55C-B2 14 +3.64 -7.50 -4.13 +1.23 +5.28
91 +1.82 -7.56 -5.88 0 +5.28
W65C-B2 14 0 -4.63 -4.94 +1.34 +2.84
91 +6.15 -3.04 +2.58 -4.49 +2.84

Note: - and + is underestimate and overestimate respectively.

a I's > 1 =~ =) ¢ v
4.5 a3UNANMINATZUMTATIBHANADWNIANTNLUWTLNWAR I
NI AT A AN FARIUNINAAUNITANILEWE FINITDIATIETHRIRARIBNFNADWNIAN T

a“'mwa"mﬁ']@im”a@;ﬂs:mw,m:mmmﬁl,mﬂ@mﬁ'uvlﬁ I@ﬂ@i’]ﬂ'ﬂ&lﬂﬂ’]@uﬂaa%gdﬁj@% 241 gw‘ﬁmuﬁ

VINTIVAZLDUAURZUINTINNENL Jen 1Ny 5.88 %, 7.56 %, 4.49 %, a8z 5.28 % ARG

wannnidImanIndiensimdadiunaunaunInfiangeg gnuldadnsudugn vetlitasannldinig

Rasanisnaradatgvainannia lasmsihdannaiadjisonlaestuniwlunmaiianziedan
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uUnNn 5

NMIIATITHIEAFIVHENADWNIANFNLOIRDE

5.1 21l

luuwf:aza'ﬁmﬂmﬁmﬁzﬁmmsﬁa;Jimauﬁmaﬂuﬂauﬂ% LRZNNTIATIEHIAN FARIUHEN
AauNIANRNLENABE lalA é’mwahuﬁwiai’aqﬂi:mu Souaznisunuiiiiany U%mmﬁw’fmm@i‘
Loaeg W wenuazBuauaziiauney lagasrinmsansnnuaewniannaudwesln

RaauJuaniy

5.2 AAFIBHANUALAMANUAVDIVEN
5.2.1 dAdIRNEN
a A g @ a wa A o : ¥ e v
AauwnIannaududluiaslfudnis Jdandwinds Taquszanu (whb) iy 045, uaz
% { o % ' @ a v 2 o \

0.55 SapaznIunuiiiingsy 0.3 uaz 0.5 laulduiariuuandrnt 2 oiia laun A uss C G9ar0819
AannIanInuaaniih WASFA150-C we3onluias Ujuaniafeaniy sasiungunawniad1nsunis
AATEAMTAFIUHENADUNIANFUINNDY  URAILAAIANINN 5.1 FI92T0nzhin  FAOFINKEN

ABWNIG ﬁmﬂq 28 LAz 91 1%

A @ A A 3 a wa
A13NN 5.1 mﬂmuwauﬂauﬂmﬂwaulu%aaﬂgumms

Cement Fly ash Water Sand Limestone
Sample wib ) 3 5 ) )
(kg/m?®) | Type | %rep. | (kg/m°) | (kg/m°) | (kg/m°) (kg/m®)
WA45FA130-A | 0.45 280 FA1 30 120 180 727 1047
W55FA130-A | 0.55 249 FA1 30 107 196 727 1047
WA45FA230-A | 0.45 279 FA2 30 120 179 727 1047
WA45FA150-C | 0.45 193 FA1 50 193 174 729 1058

5.2.2 qmauﬂ?\maﬁaq

Qmaw@lwug’mmama@l UNURZLBEA AT

1 A 6 (%
1) gﬂ‘swaypmﬂgumummumaaﬂ
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slveteymayudud uaziaes Allunuidbinasevlas  SEM wuduBiuudd
sunadundsuyn dauaaslugdil 5.1 (a) lwsneiuhaes FA1 §3Usunaufauynayme (Uf
5.1 (b)) #wmidnasy FA2 fuianauiduunsagaia (U 5.1 ()

(b) FA1

Eﬂﬁ 5.1 m}mﬂgw‘fﬂ,uumanﬁmaﬁ

2) quauLanal

6 = a 6 % d' o % 6
aaﬂﬂs:ﬂaumoLﬂmaagumuumtaumaam LEadlh @17eN 3.1 mmnmqpaaﬂﬂs:ﬂau
nazaulay SEM/EDX maagu%wu@i‘uauﬁ’maﬂ LLam"L@“I,ugiJﬁ 5.2 @@ Ca/Si maqﬂ“u%muﬁ
o A = = o [ ' . A & ] Y
LAZLONR0Y LRAILLANTIN 5.2 TILAK LA 80318I% Ca/Si "UE]\‘IHWIiL&Iu@IEJﬂ’m’mﬂ’J’I 1 Wazlan
A a \ > | LA Y @ | {
808 FA1 d9diUSunm Ca §INI1 FA2 ANANAAI1EIW Ca/Si ﬁgom'}mmmuﬂu FIUANTNN 5.3 LA

5.4 uaadtSunamanusluiinasslasdd XRD wazNan1Imagaun1syinazany (Selective Dissolution)
madﬂ“w'fimuﬁ LONRAY LATNINY ANE1AU
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gﬂﬁ 52 m@;aoﬁﬂs:ﬂau naxaulay SEM/EDX maaﬂuwﬁmuﬁl,l,a:l,ﬁ’maﬂ

(c) FA2

79N 5.2 YTt Ca, Si uae 20318% Ca/Si maaguéﬁmuﬁuanﬁmay

Element Cement FAl FA2
Ca (%) 39.79 7.34 0.18
Si (%) 13.38 23.93 38.83

Ca/Si Ratio 2.974 0.307 0.005
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aN3197 5.3 YSunmeanusluidiaaslasis XRD

Phase FAl FA2
Mullite (%) 1.867 10.929
Hematite (%) 0.602 0.455
Periclase (%) 1.574 0.276
Magnetite (%) 3.396 0.651
Lime (%) 0.389 0.039
Thernardite (%) 1.110 0.767
Quartz (%) 0.993 11.887
Anhydrite (%) 3.640 -
Rutile (%) - 0.098
Arcanite (%) 0.313 0.572
Portlandise (%) 1.118 -
Tobermorite (%) 4.008 -
Amorphous (%) 80.989 74.290

NN 5.4 WANTNARAUNI¥INRZAY (Selective Dissolution) maagw‘ﬁmuﬁ LONR0Y LaTNINg

Samples Residual weight %
OPC I 0.420
FA1l 60.327
FA2 93.345
Sand-A 94.935
Sand-C 96.671

a I3 = 1 ¥ a
5.3 mﬁnms']xwmmmagmaa!,maaﬂsluﬂaunm
a s a 6 = 1 U ~
5.31 'Jﬁﬂ']%"JLﬂi’lz‘ﬁ‘lﬂ']ﬂ']i&dE]g‘ilél\‘lm']aaﬂi%ﬂ?.]%ﬂiﬂ
lumsamasaunidnassluaauwnia lednsldwans gunedadsznauns laun
O Pnhysical properties by Scanning Electron Microscope (SEM) analysis
O Physical and chemical analysis by Scanning Electron Microscope (SEM) equipped with

Energy Dispersive X-ray Fluorescence Spectrometer (EDX)
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O Mineral compositions by X-Ray Diffraction (XRD) analysis

I(ﬂ 21 46 aumsmuwaumlﬁmaﬂuﬂ aWNIA BREVERI] LLﬁ@GVL@ﬁ/@ydgﬂﬁ 5.3

Investigation of Fly ash

existence
|
Physical analysis Chemical analysis
1 I 12
Particle shape Elemental Mineral composition
by SEM composition by EDS by XRD
Spherical | veg Determine Investigate
shape clemental crystalline
No spectrum' such phase of sample
as Ca, Si, etc
Fly ash particle | Identify unique phase
with Polished Investigate relation of of fly ash and its'
sample elemental spectrum by quantity such as
Ca/Si ratio of particle Mullite, Hematite
|

Existence of fly ash or not

gﬂﬁ 5.3 LNWBHILRAIATNNITNIID aaummsﬁa%imaol,ﬁ’maﬂuﬂ AWNIA

1) n1IAIIEKlay SEM
lunsamagaumemunmenwanunsarinbdlasnsle  Scanning  Electron  Microscope
(SEM) LﬁamfgaaauagmﬂLﬁmaﬂluﬂauﬂ%m I@m"'ﬁvl,ﬂl,l,ﬁm,ﬁﬂaam:ﬁaypmﬂﬂau LBULENRBEINN
5o luaiiane LL@iﬁazﬁLﬁmamrmmumaidﬁgﬂiwvl,ajﬂaw fanwodwnisy EVEECERHE VBT
VoI udLaud %%amaLmd\mwa:ﬁﬁ?ﬁgﬂﬁwﬂawLLaz"lsjﬂamazﬂVu %aﬁmauﬂ%@ﬁmﬁmaﬂgﬂiw
nauwauaglunaunia nmaiasaaunialliieziais SEM '«J:mmmwamﬁuagmﬂLﬁnaaﬂﬁﬁiﬁ

livhufisenldettann udddsesnlsdydiadunaon 5afzlismannlfanaseunih
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o<

RGEJVL@T Lﬁﬂﬂ’ﬂ’lﬂvLﬂja’]N’]iﬂLLilﬂLLEI%]’J'HJLL@m@i’]\‘iiZﬁ’j’]\‘]ﬂkLﬂ’]ﬂLﬁ’lﬂaﬂ LLﬂzﬂl#ﬂ’lﬂH%‘%‘LﬂJ%@ﬂﬁ Nt

2R v ¥ a 6 a v
"N(ﬂadl“ﬁﬂ’ﬁ’lmi’]z%ﬂ’mLﬂlli’)ll(ﬂ’]il

2) MsIaszilang SEM/EDX/BSE
myanzslasld SEM saunu Energy Dispersive X-ray Fluorescence Spectrometer (EDX) &
Aa 6 6 a v Aa [ a .
ET’]SJ’]?E]’JLﬂi’]z%adﬂﬂitﬂaﬂﬂ’]dLﬂﬂJ‘llaGEJkLﬂ’]ﬂvL@] I@ﬂﬂ’mmﬂmmﬂimmm@; Ca uaxr Sivad
A \ o & a A o , i o A
akl,mﬂﬂﬂ'wnwzl,ﬁuagl,m@maaLmaaUlmuaﬂauﬂsm TIDAIIRIW Ca/Si I@ﬂmamammaamzum

dniudiuudann (A1 Ca/Si vedyudiundaziidngindt 1)

3) NM13LAIILHELAY XRD
fwmsumnesavlasld X-Ray Diffraction (XRD) 1 azlfiNaninanustuiinaas lagas
= iAA o W Al . A a \ i
aynsaumnanuIndagudianzludnosud lddlusiudlsznavauaasnounia iou Mullite,
Thenardite, Hematite, U8z Magnetite luN130TI9R8LRUAZINABUNTANNLINDUINAIATINAE L
& o & ¢ A A a ] ° a & o A o =2 A
ganan NnUuNNesaNs Nwde auassiBuanawinluiian svidie XRD Getwunanusziie

a e o Aa 4 @ = R a & a o !
L@Iﬂ']ﬂuﬂll‘ﬂlla%LL@LQWWZI%L'{H@QU ﬂﬁqquﬂﬁi‘;ﬂq@')'}ﬂauﬂi(ﬂuuwLﬂqﬂaﬂll,ﬁuﬁ?uwaw

a '3 = 1 ¥ a
532 wamsanshmnsiaguasaiasaluaanwnia
ldvhnslanzimnfegvaaesluaeunianuauludesdjudnig laud  wasFA130-A

W8z WASFA230-A GInanInasauiasil

1) WaN15ILAIILKLAY SEM
ﬁnﬂmﬁmmzﬁﬁamagl,mmﬁﬁaaﬂluﬂauﬂ%'@l WA45FA130-A Wz W45FA230-A ﬁmﬂq 28
wa 91 7% laun13Lg Scanning Electron Microscope (SEM) a43UN 5.4 wuhilaypnanaupadii
saalulitanawnie LL@iEl'dvl,&imma:mzq"lﬁdnﬂuﬁwaaal FA1 %38 FA2 1ia99nienaaanigadsiail
oA o C A2 v a & ~ & o
DUNANAULTILALINH mmmaaumi@mfﬂaauaaﬂﬂszﬂaumqmmaoamgmﬂmmuﬂ@ﬂ"ﬁ EDX

IV
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(c) W4FA230 Aat28days ) WASFAZI0A at o1 days |

gﬂﬁ' 5.4 HANNTIILATIZREY SEM UaI620819nauNIa

2) WanN13ILATI1ZYilay SEM/EDX/BSE
NANTILATZWAIE EDX vadtinaasluaaunia WASFA130-A Uay W4A5FA230-A ‘ﬁ'mgj 28
uaz 91 % LLamvl,@”Lugﬂﬁ 553 CalSi maam‘gmmﬁwaaUluﬂauﬂ%'ml,am"l,@i”@“ammaﬁ 5.5 &9z
winldd1 Carsi vasaynaidinaslunaunin WasFA130-A fidnIndifeaniy Ca/si vaduiiaes FAT
87U Ca/Si vasaumaiiiaaslunaunia WasFA230-A denlndidusriy Ca/Si va4iinaan FA2

(a)
Ca/Si =0.217

WA45FA130-A
at 28 days
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(b)
[]

Ca/Si=0.391
WA45FA130-A
at 91 days
(c)
Ca/Si =0.095 []
W45FA230-A
At 28 days
(d)
[
Ca/Si=0.031
WA45FA230-A
at 91 days

E‘Uﬁ 5.5 NANTILATITHRE e SEM a2 EDX U89A18814naunIe

ANT197 5.5 CalSi S1aTerans SEM/ EDX 1846208190 aun3a
W45FA130-A W45FA230-A

Element Cement | FA1 FA2 28 91 28 91
days days days | days
Ca (%) 39.79 | 7.34 | 0.18 5.25 7.87 4.02 1.31
Si (%) 13.38 | 23.93 | 38.83 | 24.23 | 20.13 | 42.31 | 42.09

Ca/Si Ratio | 2.974 | 0.307 | 0.005 | 0.217 | 0.391 | 0.095 | 0.031

3) WaN133LAIITHLAY XRD
MNMIIaTzRan XRD asuaadlugif 5.6 wuilinanus Mullite, Hematite, uaz Magnetite 11

a 4 A o o a A o A
ABUNIA sﬁGLﬂ%ﬂqiﬂuﬂu‘l@qqﬂauﬂ'ﬁ(ﬂNLﬂ']aaUNaUa%ﬁ]s&
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Mu :Mullite
H : Hematite
Mu | H.-I! h M
».‘rwfuw u'ﬁ J'HI \ M : Magnetite
e
s - | .
o ee—— s . , I VR UM 7| S s s ey, IR -
W45FA230-A
Mu H M
l L ] | ) L .
A et e
WA45FA130-A
0 5 10 15 20 25 30 35 45 50 55 60 65 70 75 80

3171 5.6 XRD pattern ¥84628£1908%N30

5.3.3 eh;ﬂNamﬁmswﬁmmiﬁagjmamﬁﬁaaﬂ‘luﬂa%n%

PMNHANTAATIZAT G agﬂ"[ﬁdﬂﬂauﬂ%@mﬁmawauagji LazITMYIATMzRRINIiag
yaaiaosluaaunIaiiawe sanInlflunisaraseuministieduesidiaaslunaunialdadng
waiudn wazNTAATRaIRlTEnauNILAdl zTammm?mmﬁmmﬁwaaLﬁ’maﬂﬁwawayﬂu

= v Y
aawnIalaaae

5.4 NMIIATITHWIFAFINHFNADWNIANFNLA1RDE
541 35MIAINEHMEAFIRHEANADBNIANFNLINADEY
mMylaTNzimFamIBNRNAawNIaNRNLIaas  Usznavlddmenisiienzd 3 dwunang
laua MU MNIRTINRENUGBAT Image analysis m‘smé"@mmuﬁwiai’a@;ﬂizmu lasnns
furadaunaunNAIiaITLLTIoavaInaunIalasltnaniitaasllsunsy  “FACOMP” Lazn1s
nagoumMaaflaayinnsmasay Selective dissolution LABWINIATINALLE UL RBETIMETIN
MIYNAZANY WM INAFaUWIasUsznauNsad 15w USunms Cao aniwinenfinageyldnimue
WFwI USRI BHENA 9 luaannIa TAOWIT  MIATIEHA A IMN AN A WNTARFULE

aaml,amvl,@i”@”agﬂﬁ 5.7
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Estimation of mix proportion of hardened fly ash concrete

Compressive Selective dissolution and
CaO content by XRF

Image
processing strength

| 1 |

Avrea estimation by Data back analysis Residue of cement,
MATLAB by “FACOMP” fly ash and sand
r - Weight ratio of
Coarse aggregate w/b cement, fly ash and
content sand of sample

Calculation of mix proportion of
hardened concrete

l

Content of water, cement, fly ash, sand and
coarse aggregate of hardened concrete

gﬂﬁ 5.7 AUAARITNITINATIER AT R IBNRNADUNIANFULORDE

1) mMImdINBNIATINKEI
lunmsmdSunaariunenuazlaid Image Analysis I@ﬂﬁ'}ﬂauﬂ%‘mmﬁ@LLazdwgﬂ%ﬁwd’@
NNuBIlUTUNTNABNALARY “MATLAB’ INBALATIZHIAUNVINIATINAEN UGB NUNRINGA LAz
o o a \ A | a A a o < AN o
fwnaududSunauianuneudenikriisaawniIa Seneazdualananlily 347 vsitle
AMTAaTzRRany grtnaadaudazdasuwkay wazltnanninmsadaunnlumslieneAldlaua

'
] A

A a A &
Y IR ENES

2) msm5’@15’1éauﬁﬂ(§ia'§'ﬁqﬂ‘szmu
Ium'imé’mwmuﬁmafm}ﬂ‘szmu NI lNNIF U B UNALINNAIRNRITL
wiisavadnaunIalasltaaufiiaaslusunsy  “FACOMP” %o"lﬁw”wm%uﬁﬂuﬁﬁ'ﬂmﬂ‘[u‘[aﬁmi
oA gontiumaluladuwmasiuss WInesusNmani s9noazidoale
na il 4.3.2
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3) NINATBUNIILAN
. . 4 y -

lunrmeasaunatailagn1Iinasay Selective dissolution TI3zlFNIALNINAZANLLWRGLAZ
! Aa A & ) o ' A A ° L
sawnduaatdouiduasdlsznay wazazlanmouazitnaa sl dugInitnanaInnIsvinazay dagals
= = = € A & o ~ A ° o &
Ao dyududiisaantosnvionnmiiezaudis  UAsNANINaRaURIaIALENaLNIg
Wi 1w USHNme Ca0 AIBWRINIIDRTIIFNMTLINAANWIERILT U WD AT TR INGA AR UL TN RN LAY
maoﬁw’fimuﬁ naagLazaaINazIAgaluaatInasay lagnisunauns 3 aauls (w,,w, uaz

w,) saugadluaumf (5.1) 4 (5.3)
Ct = CCWCS + Cf WfS + CSWSS (52)

lagfl k1o, rp UAz 1 ABtninAdREENaINIMAREY Selective dissolution WBIAIBEY

6 v a

WIG LENR0Y wazNIaTINaANa aNdey C, C, C, uaz C, AUy CaO waidladd

=

[ v a

KA 1EA0Y UATUIANINABYA AWAIAY Weg, W , Weg UAS Wig ABRINDUNNENUAIVDY

S

e et
=

(3 v a

WHLWUA LONaa WINIINALLALA Lae Combined water I%GIU’JQE]’]\W]@RQ‘]J AURIAU ac WS ¢

%

asanmaiadfiten laesturen)udinudiszdjisendeslominvediaes audey  wy

B O e

fla Combined water niumafadjitelaastuniauysnives)udiuud lunuided dduviniy

0.23 [1, 19, 20, 21]w, fia Combined water éw%'umiﬂﬁﬁ%mﬂaaimawﬁﬂﬁawymimauﬁmaﬂ Tu

e

=

NWILH FANYINND 0.20 LAz 0.18 FMIUSaURZNITUNUNLENEAY FA1 N130% WAz 50% @MN&1aU

a

LazdALYinAL 0.173 §1%IULENa8s FA2 [19]

4) MIATWIBEAATINHENVDIADWNIN
é’mw&i’mﬁmaf&qﬂszmu USinasnasunenulueawnia uasrinoinwinuiives
Uufiud  1dmes  uazwIaTINazdsaludiagnasey sansawn leanuiildasuneg Hidasdu
IR AT INA BRI LI RN U ITDINIATINA LN Yudiuud  whaes WATNIRTINALB A L

ABUNIA FINITOW FINNFNANTN (5.4) Uaz (5.5)
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We
Wg =
(1+aG)><UWd

108N Wep, Wen, Wep, Wiy W82 We  AUIBENRUNWAI00IUUTINUG  LENR0Y NIaTINAZLBL
cer Weer Wse Wi 5 N

Combined water uaz aavuneulunaunia awsran W, AatSunauisruveulusniizduas
a [ 3 . 4 \ & o @
AURY (SSD) (kg/im) &, ABAINIQATNINTBININTINRINL uw, AantadininuAves

AaUN3A (kg/m’) ansnm ldanmInaseuay ASTM C642 [16]

Lﬁamﬂ%mmé'@mdau@ia%mUﬁmﬁﬂuﬁwaaguﬁmu@? LTNaaY LATAIATINALLDHA lalad
RAFIUHFNVDIAAUNIARINITAR LANFNATN (5.6)

ch =Wge xUWd

WSC = WSC XUWd X (1+ as)

A A = & o a ¥ o @
IG]EW] WCC’WfC’WSC LR WWC ﬂﬂ&l?ﬂm@dg%‘ﬁl&l%@ LAY VIRTINALLEYA LAZW ANNA1aL (kg)

ag AAINIQATNINTBININTINAZLELG w/e ApBandiwiseiagUsza

< o A ' a 3 a
lasald FasukauTeInaunInIzAndalSunasnawnia 1m uazuanulugnnzduan
AIUAY (SSD) a9t USINaTuaisasIuNaNaannIada 1000 AAT VIAAUNIALEAS lAAIRINTN

é a 1 1 k% 1 1 o 1 1
(5.7) DIUTUNATVDILARLFIBNEN FINITOR LAINNNTLEIAIANUEWTUNIZVDIULARZ WU

A o & a = 6 v A 3’ [ 1
WIIwalugun1In - (5.6) attu USinauBaud diaey wavwazidue uazi ludadiunay
AOWNIA FINTNWT LANNEUNTIN (5.8)
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Vp =1000 =V¢ +V; +Vg +Vyy +Vg +Vy;, (5.7)

W =V x SG¢ A
> (5.8)
WS :VS XSGS
Wy = W +W, ) x(w/b) J

a

lasf Vi Ve Vi Vs, Vi, Vg uae V. A9 USuasuainannie gw‘ﬁmu@i’ LENREY NIRTINAZLDHA

air
:/ a o R . 3

W VIRTINARLILUAZOINIATEINAWNIA 1000 RAT AUS1AL (liters/m ) SGg¢,SG; , SGg Uaz SGg
ﬁammmdfm‘hwazmaogw‘]‘}mmf N8 NIRIINALLDLA LAY NIRTINARENU ANI AL

We, W, ,Wg uaz Wy, fa d3ananjudiuud hass wanwszidue uazi ludadiunaunaunio

ANEGU (kg/m)

542 HAMIIATICHVNAATINHFNADWNIANFNLINAEY
1) wan1IwIlINIMNIRIINKRYY
YSunaulanuneuluaasninaunia mmsnmvl,@ﬁ@ﬂms'ﬁnﬂaun’%’mmm“’ml,a:dwgﬂ%ﬁq
o annsiuldaaniimeflusunsuiodneim A i suiasIunenudaiuiniian 9050w
wanunenvluaauniafdiuinls ugasluanssi 5.6 ANWANNTIATIZW WUIAAIAINU
ANALAREUIZNING 0.06 A9 4.58% %mﬂmwmmwmﬁaug\ﬁq@ﬁ 4.58% W38 48 kg/m3 iudainl
mnua:ayj’luﬁaaﬁmaw%’u"lﬁ

G397 5.6 USINUIFTINRENUNALATIER La

Design Coarse Aggregate Estimated Coarse % Err.
Sample 3 3
Content (kg/m’) Aggregate Content (kg/m )
WA45FA130-A 1047 1048 +0.06
W55FA130-A 1047 1095 +4.58
W45FA230-A 1047 1087 +3.86
W45FA150-C 1058 1103 +4.34

Note: - and + is underestimate and overestimate respectively.
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v
2) wami‘mamﬁmummmaqﬂszmu

ANNNAI0AUAINAUNIAN LAANNNINARDL LFAIAIANTINN 5.7 é“m’]muﬁwim”a@;ﬂizmuﬁ
laannisdiwindannauandtinassuLIaauadnawnIa lagltldsunsiaauniiaas “FACOMP?
V) { A = ) ' ) { o oA (% o o ' by
LEAINIAITI9N 5.8 emazmu"lmwa@mmum@maqﬂizmuﬁmmmﬂmﬁmlﬂaLﬁmnuamnmum
@iaa”a@;ﬂizmumadﬁﬂmuwawﬁaaﬂLLUUVH gndw  WA5FA150-C ﬁmq 917 lasddranu
d' d' A C> ) nd;:i o a 6
AMNaARaugIgAdIzaNL  10% FIFNNIIND U W IAINIFNELEWE RINTD M AITALATIZRA

é’@mmuﬁ’]@iafa@ﬂs:mm AINDWNIANUTIAILED Lo

AN319N 5.7 FAIDAUBIAUNIAN LIINNIINAFAL

Compressive strength (MPa)
Sample
28 days 91 days
W45FA130-A 34.79 42.02
W55FA130-A 19.28 25.32
WA45FA230-A 29.13 41.80
W45FA150-C 17.12 32.79

A o . T A o @
A1319N 5.8 a@li’lmuu’]@lma@;ﬂiza’luﬂmu’smvlm

w/b
Sample Design 28 days 91 days
Estimated Error (%) Estimated Error (%)
WA45FA130-A 0.45 0.40 -11.11 0.43 -4.44
W55FA130-A 0.55 0.58 +5.45 0.61 +10.91
WA45FA230-A 0.45 0.49 +8.89 0.47 +4.44
WA45FA150-C 0.45 0.43 -4.44 0.37 -17.78

Note: - and + is underestimate and overestimate, respectively.

3) WANIINAFDUNIILAN
NnMInasgaumaadlagnisnagaunnsvinazans ( Selective Dissolution) VaI@88n3
a A o X . . @ A o & ] A
ABUNIA TINANINAFEUNNINAZANY (Selective Dissolution) lagltnsalvarinasaainaduazdIng

P = & a @ ' a P
NLLﬂaLGﬁﬂNLﬂuadﬂﬂSZﬂaU LAZNANIINARAUKIUINITL Ca0 VaiInIat1nannIe LLa@GVL@uLu@']'SqGV]

41




£ A o ° A & o = A o
5.9 611\1wami‘ﬂ@aauw"lngﬂm"l,ﬂﬂummme:'ﬁma@muwamauﬂmmmumiﬂﬂa’n%

& o
SERRIONAY

eN397 5.9 NANNINARBUNINazaY (Selective Dissolution) Wazi/3unms CaO Tade0E19naUNIA

Residue (%) CaO (%)
Sample
28 days | 91 days | 28 days | 91 days
W45FA130-A 61.041 59.361 17.699 18.298
W55FA130-A 64.165 62.245 16.285 16.570
W45FA230-A 66.230 65.101 16.719 16.675
W45FA150-C 66.230 66.212 13.977 13.121

4) HANITATWIMEATIMHENVDIABWNIA
FasunaNraInaunIans wImle wazAauam A Ao uTaILARTFAFIMNEN UFaI Ll
a13197 5.10 Waz 511 MWEIAY MNHANITIATIZRA MWL daswkauaasnawnIaneiwiole
sniuidnsen danlndidpsnusasiunanvasnauniafioanuuuly Tagdrnnuaaaindanadoves
W gwﬁmu@? LNRY NIRTINALLDUALIZNINTINALIL WAy 13.84%, 47.55%, 6.44%,
11.26%, Uz 3.21% MUEIAY DI ARIATIIFNTATNEA T IBHENADWNIATINLERE §1U1TD
?me:ﬁmé’@muwamaun’%mﬁﬁé’mﬁa«h‘wﬁwiai’a@lﬂizmuuazmmauﬁu@m@iwﬁ'ﬂﬁ WNINTE
mmmi@m:ﬁmé’@d’mwamaun’%mﬁmq@m g laatinguaingn nstlitesnnladnsRasonds

Hazadangvasnaunia lasmahsanmuialjiselaastuniulunsienide
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A o a
AN 5.10 FARIUNFNVDIADUNIG

Cement Fly ash Water Sand Crush Limestone

Mixer w/b 3 3 3 3 3

(kg/m)| % rep. | (kg/m) (kg/m ") (kg/m’) (kg/m’)

W45FA130-A | 0.45 | 280 30 120 180 727 1047
28 days 040 | 248 43.7 193 176 680 1048
91 days 043 | 276 34.6 146 181 698 1048
W55FA130-A | 0.55 | 249 30 107 196 727 1047
28 days 0.58 | 216 37.4 129 200 672 1095
91 days 0.61 231 30.5 101 203 685 1095
W45FA230-A | 0.45 | 279 30 120 179 727 1047
28 days 0.49 304 0.03 10 154 862 1088
91 days 047 | 297 12.8 44 160 811 1088
W45FA150-C | 0.45 193 50 193 174 729 1062
28 days 0.43 127 71.5 319 192 547 1103
91 days 0.37 140 67.8 294 160 648 1103

AN 5.11 ANANUAIALARAUTAIRATIWBNRNYAINAUNTE

% Error
Age
Mixer Crush
(days) w/b Cement Fly ash Water Sand
Limestone
W45FA130-A 28 -11.11 -11.34 +60.69 -1.99 -6.55 +0.06
91 -4.44 -1.51 +21.44 +0.69 -4.05 +0.06
W55FA130-A 28 +5.45 -13.30 +20.71 +2.19 -7.55 +4.58
91 -10.91 -7.30 -5.15 +3.53 -5.88 +4.58
W45FA230-A 28 +8.89 +8.76 -91.72 -14.39 +18.54 +3.86
91 +4.44 +6.59 -63.51 -10.64 +11.46 +3.86
W45FA150-C 28 -4.44 -34.16 +65.08 +10.33 -24.95 +4.34
91 -17.78 -27.78 +52.07 -7.79 -11.12 +4.34
Mean error (%) 8.43 13.84 47.55 6.44 11.26 3.21
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543  dYUNANITIATIZAMNANEIBHANADWNIANFNLINADY

AT AT AT UNENABUNTATINIEHE FUTRTATZE N FAsIuHENAaUNT AT
a”mﬁmuﬁﬁ@im”a@;ﬂszmuuazmasawﬁu@ﬂ@mﬂ”ﬂﬁ Tngfnanaamainfewadsvasi Yudiunud
LTNR8Y AINTINAZLDYAUAZUIRTINAENL AA 1YINNU 13.84 %, 47.55 %, 6.44 %, 11.26%, ez 3.21
% ANNE1AU uaﬂmnf':ﬂ'ammmimﬁzﬁmﬁ@muwauﬂauﬂ%'@]ﬁmq@m arwldadnudun nait
Lﬁadﬁrmvl,@i”ﬁmiﬂmimﬂﬁawamaomqmadﬂauﬂ’%@] lagmsiaanmstiadfisonlatessuanioule

MIALATIHeNY
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UNN 6

NMIIAAIEHRITAFIBRNENVDIAD NI AN LATIHI 1D
6.1 1211

luuwﬁ Wunsiiauanlag19n e Eimaa muwamaun’%‘@ﬁlﬁnzmmﬂima §319939

d v A ¢ Y A v o ! o a v {
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Tunsid LUNIHANEIMTIUA TN ERAIRARIWHRNAAWNIAVIAIDLNIAAUNTANLANZAN
o a A A Aao, o w o o ° ~ & A o
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aaUmmu@mna’mLmad‘anmawwmaﬂmmuﬂmmaasmﬂ’lmwuﬂﬁl“ﬁflukamuwa@ﬂauﬂm

UL LUN M NI AT RN UL AN A

6.2.1 N13AIFADURILD a0 lwaIad AN
PNNNMFAATZRNII UM WL BN aa8 lasnsle Scanning Electron Microscope (SEM)
WIRW LAINTRaTRAN 1 ﬁagmﬂﬂau FINLENRALTRAN 2 mumﬂﬁagmﬂﬂauLm:l,ﬂumﬁw
0 1 v a ai = >3 ai =3 o a oq: Y o
U9E% Smdaessian 3 Japaneviuse mLLa@ﬂugﬂw 6.1 D4 6.3 MNUAIAY INBW ATINAT
a & A o a o A = o ' o
’JLﬂi’]z‘ﬁLWE]%’]E]HLJ’]’W]LE]’]E\]E]UI%@E]%T]?@] a93Un 6.4 ﬁ]zmuvlmﬁvluﬂﬁﬂgagmﬂnamaaLmaasﬂ,u
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{Hanaunia uanuIueame nivmauszglieliansuzadonuiinaessian 3 gsanatdwldle
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Tasunteliiiitnaasnanay mmmawmmmaaauaaﬂﬂi:naumamwaqagmﬂLﬁaﬁuulﬂalm
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NANNTALATIZRe Y EDX °11aaLfﬁaamﬁmmﬁ@"l,ﬁuam‘lugﬂﬁ 6.1 f9 6.3 IdaeuTian 1
dhaaswiiaf 2 uazidaesniiaf 3 S CalSi i 0.98, 0.21, Uaz 0.39 MURIAL LASNANIT
A=A EDX °1Jaamql,mﬂsl,uﬂauﬂ%'@VL@TLLﬁ@alugﬂﬁ 6.4 @9 CalSi vaia3MAluAawNIAMAL
036 uszazinlendsnwazasniunamiiinnaasdiasssian 3 @”amfuﬁammma;ﬂvlﬁdﬂ

ﬂauﬂ‘%mwzﬁlﬁwaaﬂmauag LLa:mmﬂumuﬁfuLﬁwaaﬂﬁwauagjiﬁmm:l,ﬁmﬁmamﬁ@ﬁ 3

Spectrum

Full Scale 2477 ct2 Cursor 9.797 kel (28 cis) ke

SEM EDX

gﬂﬁ 6.1 NANTITIATIZRAY SEM Uy EDX et uhian 1

i Spectrum 3

0
T Al

: ‘_JU ) ]
" £ S T Ti ot Fe

T T T T T T T T T
1 2 3 4 5 B 7 g ]

Full Scale 6895 otz Cursor: 9765 ke (28 o) ket

SEM EDX

g'ﬂﬁ 6.2 NANTIILATIZRAY SEM 1az EDX 2Lt uhian 2

Spectrum

Full Scale 7220 etz Cursor: 9.734 ke (79 cts) ket

SEM EDX

3ﬂﬁ 6.3 NANITILATIZHEE SEM Uz EDX 1a9LiNaaasian 3
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Si Spectrum
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SEM EDX

Eﬂﬁ 6.4 NANTTILATIZNGRE SEM ez EDX Ua9a108190aunIa

NIBHANNNNTIATIEHALE XRD WUAawNIa LUANANWS Mullite, Hematite, Waz Magnetite
a < & a = \ A A A~ o & > , \
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v a dl a v 1 v a dl & v & 1 v A v v qq:
wnaesafian 3 Jdesninvasiiassrian 1 Uszunm 30% duaadliiauinaninmslaiiiaeans
a n? a a all ' ot e = 1 ) e Q a dl v
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auTRaN 3 3FININABUNIANKNFNLENRALTRHAN 1

6.2.2 NM1LATIERMNAAEIBHEN LbA2E19AWNIA
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sutlsznaunaundalunitininaysunasnounialasldninesininuisasnanniaey  ASTM

C642 1y FARIBNENTIAILHIINDUNTANAIWI D LARINITOLRN S bA LA ININ 1
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ABSTRACT: Determination of mix proportion of concrete as well as fly ash existence and its content in the concrete mixture are essential
in order to evaluate durability and estimate service life of the structures. Several existing standards and methods are available for determining
cement content and other concrete compositions in the hardened concrete. However, these methods are applicable only for OPC concrete but
not appropriate for fly ash concrete. This study is aimed at developing a method for determining mix proportion of hardened fly ash concrete
by taking into account various properties of the fly ash. The developed method was adopted for determining the fly ash existence and the mix
proportion of the hardened concrete samples taken from existing structures. In the analysis, several techniques including physical and
chemical methods are implemented. From the analytical results, the proposed method can be efficiently used for determining the mix

proportion of the hardened fly ash concrete.

1. INTRODUCTION

It is generally known that concrete mix proportion is one of the most
important factors which influence mechanical and durability
properties of concrete structures. The most imperative parameter in
concrete mix proportioning is the water to cement ratio. Moreover,
when mineral admixtures such as fly ash are used in the concrete as
cement replacing materials, its amount and quality are also the
significant factors affecting properties of the concrete. Therefore,
the mix proportion of the concrete in particular the water to binder
ratio and the replacement ratio of the fly ash is essentially known in
order to evaluate the durability and estimate service life of the
existing structures. Accordingly, the mix proportion of such
concrete is necessarily examined after the concrete has been
hardened. Moreover, this is often conducted when noncompliance
with the mix specification is suspected along with conflicts among
project owner, concrete supplier and contractor.

Nowadays, a universally applicable method for accurately
determining mix proportion of hardened concrete does not exist
owing to the wide variety of materials from which concrete is made
and the conditions to which it may have been subjected [1]. The
analysis is more complicated if fly ash or other admixtures are used
in the concrete. Many different approaches are therefore necessary
in those situations.

Even though several standards such as ASTM C1084 [2], BS
1881: Part 124 [1], and Concrete committee of CAJ (F-18) [3]
described the methods for determining the cement content and other
concrete compositions in the hardened concrete, they are applicable
only for OPC concrete but not appropriate for fly ash concrete. It
has been reported that the presence of fly ash and fly ash content in
the concrete can be detected and estimated by an optical method
which is based on an identification of a spherical shape of the fly
ash [4]. Since fly ash generally used in Thailand has different
characteristics especially fly ash from some sources which has non-
sphere particles, the existing analysis method for determining the
mix proportion of the fly ash concrete may not be applicable.

Recently, the authors have made an effort to develop a method
for estimating the mix proportion of hardened concrete
incorporating fly ash. The varying properties of fly ashes generally
used in Thailand were taken into consideration. In the study, both
physical and chemical methods were adopted for the analysis.

In this paper, a case study on estimation of mix proportion of the
hardened concrete samples cored from an existing structure is
presented. The analytical procedures for evaluating fly ash existence
and determination of water to binder ratio, fly ash replacement ratio,
and content of concrete compositions are described. In this case, the
mix proportion of the concrete is desired to examine the causes of
poor strength of the concrete.

2. SAMPLES AND MATERIALS

In addition to the concrete samples, information on the composition
of the cement, fly ash, and aggregate used in the concrete will be
useful for accurately examining the mix proportion. Unfortunately,
the representative samples and the information of such constituents
of the concrete were not available. Hence, the investigation was
performed based on the cored concrete samples and the information
of mix design reported from the concrete supplier. The concrete
samples were cored from a 1-year old concrete structure which had
relatively low compressive strength. The compressive strength of
the concrete at 1 year was about 18 MPa from the designed
specification of 28.5 MPa at 28 days.

In this study, physical and chemical properties of three kinds of
fly ashes were additionally investigated and used for estimating the
mix proportion. There were Mae Moh fly ash, BLCP fly ash, and a
Rayong fly ash.

3. METHODOLOGY

3.1 Determination of fly ash existence in concrete

In order to determine fly ash existence in concrete, both physical
and chemical analytical methods were adopted. The procedure for
determining fly ash existence in concrete is illustrated in Figure 1.

Fly Ash Existence in Concrete

[
! '

Physical and Chemical Analysis

| ¢ ‘ !

Particle Shape of Fly Ash Mineral Compositions by Chemical Compositions
by SEM Analysis XRD Analysis by XRF Analysis

l

Chemical and Mineral Compositions

Identify unique phases in fly Determine oxide
Fly ash ash such as Mullite, compounds content such
¢—‘—$ Thenardite, and Hematite as CaO
Determine unique phases of
‘ Sphere ‘ Irregular fly ash in concrete
l l Concrete |
Observe .
spherical shape SEM-EDX Analysis . -
of fly ash in { Extracted Mortar |
concrete _ =
Determine element

spectrum such as Ca
and Si

Figure 1 Procedure for determining fly ash existence in concrete



3.1.1 Physical analysis by Scanning Electron Microscope (SEM)

The concrete samples were broken into small pieces and were taken
to investigate fly ash existence by the SEM. Normally, most fly ash
particles are spherical but it is possible that fly ash particles from
some sources may be irregular. It is expected that if the sphere-
shaped fly ash was used in the concrete mixture, its sphere-shaped
particles should be observed in the concrete samples by the SEM
analysis. Hence, fly ash existence in concrete could be verified.
However, if the particle shape of fly ash is irregular, similar to that
of cement, the SEM analysis could not be applied due to difficulty
in distinguishing between cement particles and fly ash particles.
Therefore, additional chemical analysis is needed.

In this study, the particle shape of the Mae Moh fly ash, BLCP
fly ash and a Rayong fly ash were determined to demonstrate
different particle shapes of fly ash from different sources.

3.1.2 Physical and chemical analysis by Scanning Electron
Microscope (SEM) equipped with Energy Dispersive X-ray
Fluorescence Spectrometer (EDX)

The concrete sample was physically analyzed by the SEM. Further,
the EDX was used to measure the spectrum of elements such as Ca
and Si of the irregular particles in the concrete sample. In order to
identify the irregular particles whether it is fly ash or not, the
relationship of the spectrum of elements such as Ca and Si of the
irregular particles in concrete sample and the fly ash samples were
determined.

3.1.3 Mineral
analysis

compositions by X-Ray Diffraction (XRD)

The XRD-Rietveld analysis is capable of extracting the amount of
each crystal phase component in materials. It was used to quantify
the mineral compositions of fly ash. Then, the composition of fly
ash was compared with that of cement, sand and coarse aggregate.
The unique phases of fly ash that presented in fly ash but not
presented in the cement, sand, and coarse aggregate could be
identified.

The mineral compositions of concrete were also quantified by
the XRD analysis. In order to carry out the XRD analysis of the
concrete sample, the concrete was broken into small pieces and the
coarse aggregates were removed. After that, the extracted mortar
was ground until its particle size was smaller than 75 um. The
powdered sample was mixed with 10% by weight of the standard
corundum in order to quantify the amorphous content of the sample.
Then, the sample was taken to measure the mineral phases by the
XRD. If the unique phases of fly ash were observed in the sample,
the concrete contained fly ash.

3.1.4 Chemical compositions by X-Ray Fluorescent (XRF)
analysis

The chemical compositions of the powdered samples were examined
by XRF analysis. The fly ash existence was obtained from the
relationship of the chemical compositions such as CaO content in
the concrete sample, Portland cement and fly ash.

3.2  Estimation of mix proportion of hardened concrete

In order to estimate the mix proportion of hardened concrete, several
testing techniques were implemented. The procedure for estimating
the mix proportion of hardened concrete is shown in Figure 2.

3.2.1 Determination of water to binder ratio

The compressive strength of the cored concrete samples was
obtained by using the universal testing machine. Then, the water to
binder ratio can be calculated from data back analysis of the
compressive strength by using the computer software, “FACOMP”,
which was developed at Sirindhorn International Institute of
Technology (SIIT), Thammasat University, Thailand.

Concrete Samples

l

Fly Ash Existence in Concrete

N S P!

Compressive Image Analysis Selective Chemical
Strength 9 4 Dissolution Compositions by
i i l XRF Analysis
Data Back Analysis . . - Determine oxide
by “FACOMP” Concrete Slices Dissolution in HCI compounds content
i i i such as CaO
Water to binder ratio Image processin Dissolution in
(wib) gep 9 Na;COs

l !

Area Estimation by || Residue of fly ash,
“MATLAB” sand, and Coarse Agg.

! —

Coarse Aggregate
Content

Fly ash replacement ratio (r)

l

Content of Cement, Fly ash, and Sand

!

Mix Proportion of Hardened Concrete

Figure 2 Procedure for estimating mix proportion of hardened
concrete

3.2.2 Image processing for determining coarse aggregate
content

The concrete samples were cut with a diamond saw into many
slices. The concrete slices were brought to take photos of their cut
faces with sufficient resolution. The concrete pictures were then
processed with the image processing software. The image size and
quality of the photographs were adjusted for the sake of easiness to
identify the boundaries of coarse aggregate as shown in Figure 3.
After that, the boundaries of the coarse aggregate were identified.
The areas of the selected boundaries of the coarse aggregate were
determined by programming in MATLAB as shown in Figure 4.
The ratios between the area of the coarse aggregate and the total
cross-sectional area of the concrete slices were then converted to
volumetric ratios of the coarse aggregate to the concrete.

3.2.3 Selective dissolution

The concrete was broken into small pieces and ground to the size
smaller than 75 um. The powdered sample was dissolved by the
hydrochloric acid (HCI). The 2N HCI was used to dissolve calcium
components in cement and hydrated product. Further, the 5%
Na,CO; was used to dissolve silica gel. The residues left from being
dissolved were unhydrated fly ash, sand, and coarse aggregate.

Figure 3 Image of concrete slice
after adjusting color

Figure 4 Determination of area
of coarse aggregate



4. RESULTS AND DISCUSSION
4.1 Determination of fly ash existence in concrete

4.1.1 Physical
(SEM)

It is shown in Figure 5 that all particles of Mae Moh fly ash are
sphere. For the BLCP fly ash, most particles are sphere but some are
irregular as shown in Figure 6. The particle shape of the Rayong fly
ash is irregular and agglomerated as shown in Figure 7. If sphere-
shaped fly ashes such as the Mae Moh fly ash and the BLCP fly ash
were used in the concrete mixture, their sphere-shaped particles
should be observed in the concrete sample by the SEM analysis. On
the other hand, if irregular-shaped fly ash similar to the Rayong fly
ash was used, the determination of fly ash existence by this
technique is impractical.

The SEM analysis of the concrete is shown in Figure 8. It can
be seen that the sphere-shaped fly ash does not present in the
concrete sample. However, unhydrated particles similar to the
irregular-shaped fly ash in terms of size and shape are observed. It is
indicated that the concrete may contain the irregular-shaped fly ash.
Hence, the fly ash existence should be confirmed by the chemical
analysis.

Moreover, it is remarkably seen that the matrix of the concrete
samples is quite porous and this may contribute to the poor
compressive strength of the concrete.

analysis by Scanning Electron Microscope

4.1.2 Physical and chemical analysis by Scanning Electron
Microscope (SEM) equipped with Energy Dispersive X-ray
Fluorescence Spectrometer (EDX)

From the EDX analysis, Ca/Si ratios by weight of the Mae Moh fly
ash, BLCP fly ash, and Rayong fly ash were 0.98, 0.21, and 0.39,
respectively. The EDX was applied on several unhydrated particles
of the concrete and found that some particles had element spectrum
and Ca/Si ratio similar to that of the fly ash. A typical EDX analysis
of the unhydrated particle of the concrete is shown in Figure 9. The
Ca/Si ratio by weight of the unhydrated particle was 0.36 which was
closed to that of the Rayong fly ash. This amount of Ca/Si cannot be
that of either cement or other hydrated products since their Ca/Si
ratios are quite high (normally higher than 1). As a result, it can be
concluded that the concrete may contain the Rayong fly ash.

4.1.3 Mineral
analysis

compositions by X-Ray Diffraction (XRD)

It is generally known that almost 100% of mineral phase in river
siliceous sand is quartz (SiO,). In case of cement, the main mineral
compositions are CsS, C,S, C;A, and C,AF. Therefore, the concrete
without fly ash should possess these mineral phases including the
hydrated product such as ettringite and portlandite.

The mineral compositions of fly ashes were quantified by the
XRD analysis. It was found that the fly ashes have some mineral
phases which are different from that in cement and sand. These
minerals are Mullite, Thenardite, Hematite, and Magnetite.

The mineral compositions of the concrete were obtained and
found that there was no Mullite, Hematite, and Magnetite in the
concrete sample. This may be possibly due to their little amount in
the fly ash when compared to the major phase such as Quartz.
However, 0.19% of Thenardite was found in the concrete samples.
This can be implied that the concrete contains fly ash. It is noted that
this result does not represent fly ash content in the concrete mixture
unless additional data of chemical compositions by XRF analysis
and selective dissolution are obtained.

Moreover, the amorphous content in Mae Moh fly ash, BLCP
fly ash and Rayong fly ash were 90.38%, 67.02% and 59.01%,
respectively. This indicated that the reactive portion for the
pozzolanic reaction of the Rayong fly ash is less than that of the
Mae Moh fly ash by about 30%. It implies that if the Rayong fly ash
and the Mae Moh fly ash are used in concrete with the same mix
proportion, the concrete property such as compressive strength of
the Rayong fly ash concrete can be lower than that of the Mae Moh

Figure 7 Rayong fly ash

Si

Full Scale 1319 cts Cursor: 9.765 keV (10 cts) kel

Figure 9 EDX analysis of concrete

Table 1 Chemical compositions of fly ashes and concrete by XRF

Chemical Mae Moh BLCP Fly Rayong Concrete
Compositions Fly Ash Ash Fly Ash

SiO, 35.96 63.94 45.82 68.22
Al,O; 20.12 16.27 21.29 7.17
Fe,03 13.57 3.75 6.98 1.44
CaO 18.08 9.96 12.63 13.50
MgO 2.69 0.96 1.55 0.33
SO, 4.42 0.48 2.94 0.89
Na,O 1.47 <0.01 0.26 <0.01
K,0 2.51 0.70 141 2.22
TiO, 0.38 0.78 0.00 0.24
P,Os 0.27 0.16 0.00 0.05
LOI 0.50 2.93 3.19 5.92

fly ash concrete.

4.1.4 Chemical compositions by X-Ray Fluorescent (XRF)
analysis

The chemical compositions of fly ashes and concrete are shown in
Table 1. From the results, the Mae Moh fly ash has the highest CaO
content. On the other hand, the BLCP fly ash and the Rayong fly ash
have lower CaO content. It is expected that the concrete samples
contain different CaO contents. In general, the CaO content in OPC
is about 60-65%. The lower CaO content in the concrete samples is
because of the partial replacement of cement by an admixture that
has lower CaO content than that of the cement, such as fly ash.

4.2 Estimation of mix proportion of hardened concrete
4.2.1 Determination of water to binder ratio

The obtained compressive strength of the cored concrete samples
was 18 MPa. The water to binder ratio obtained from the data back



analysis of the compressive strength by using FACOMP was equal
to 0.83.

4.2.2 Image processing for determining coarse aggregate
content

The amount of the coarse aggregate is estimated by the image
processing. From the result, the volume of coarse aggregate per unit
volume of concrete and the coarse aggregate content were obtained
to be equal to 0.39 and 1087.40 kg/m?, respectively.

4.2.3 Selective dissolution

Since fly ash contains calcium component which can be dissolved in
the hydrochloric acid. The selective dissolution of the fly ash and
concrete was performed and the residues left from the selective
dissolution of the concrete, Mae Moh fly ash, BLCP fly ash and
Rayong fly ash were 69.57%, 31.33%, 84.59% and 73.81%,
respectively. It can be seen that the residual weight of the fly ash is
correlated with the CaO content (Table 1) as the fly ash with lower
CaO content has higher residual weight. Moreover, the coarse
aggregate was removed from the concrete samples and taken to test
the selective dissolution. It was found that the coarse aggregate
dissolved very little (2.12%) in the hydrochloric acid solution since
it is granite which has low CaO content. Therefore, the residues
after selective dissolution of concrete consist of unreacted fly ash,
sand, and coarse aggregate.

4.2.4 Chemical compositions by X-Ray Fluorescent (XRF)
analysis

The chemical compositions of fly ash and concrete sample are
shown in Table 1. The CaO contents in both fly ash and concrete
sample were used for estimating the mix proportion of the concrete.

4.2.5 Calculation of mix proportion of hardened concrete

From the results, it can be remarked that fly ash exists in the
concrete. The fly ash used in the concrete is irregular in shape and
its quality is considered to be similar to the Rayong fly ash.
Therefore, the chemical compositions of the Rayong fly ash are used
for the analysis.

The water to binder ratio and the content of the coarse aggregate
in the concrete mixture were obtained as mentioned earlier.

In order to determine the content of the concrete components, it
is estimated primarily based on their oven-dried weight ratio. The
weight ratio of the coarse aggregate can be obtained by Eq. (1). Egs.
(2) to (4) are used to determine the weight ratio of cement, fly ash,
and sand since three unknowns can be solved by three equations.

W

"o oW, ®
1=w, +w; +W, + W, +0.23(a W, + o, W,) 2
r=0—-a,)rw, +rWw, +rgw, (3)
CaO, =CaO,w, + CaO,w, +CaO;w, (4)

Where w,, ws, ws, and wg are oven-dried weight ratio of cement, fly
ash, sand, and coarse aggregate, respectively. Wg is aggregate
content in SSD state (kg/m°). ag is absorption of aggregate. UWj is
oven-dried unit weight of concrete (kg/m®. It can be obtained
according to ASTM C642 [5]. « and ¢ are degree of hydration of
cement and degree of pozzolanic reaction of fly ash, respectively. r;
is residual weight of concrete sample (%). ry, rs, and rg are residual
weights of fly ash, sand, and coarse aggregate (%), respectively.
Ca0,, CaO,, Ca0y, and CaOgare CaO contents in concrete sample,
cement, fly ash, and coarse aggregate (%), respectively. CaO. and
CaOg are 64.5% and 0.4%, respectively.

Table 2 Mix proportion of concrete

Compositions Mix Design Estimation
Cement, W, (kg/m°) 350 176.89
Fly Ash, W; (kg/m°) 0 87.57
Sand, W, (kg/m°) 785 649.65
Coarse Aggregate, W (kg/m®) 1,101 1,087.40
Water, W,, (kg/m°) 151 220.64
Water to binder ratio (w/b) 0.43 0.83
Fly ash replacement ratio 0 0.33

Once the oven-dried weight ratio of the concrete components
such as cement, fly ash, and sand are obtained, their contents in the
concrete mixture can be estimated by Egs. (5), (6), and (7),
respectively. The water content can be obtained based on the water
to binder ratio as in Eq. (8).

W, = w,UW, ®)
W, =w,UW, (6)
W, = (1+a,)w,UW, (M
W, = (W, +W,)w/b 8)

Where W,, W;, W;, and W,, are mass of cement, fly ash, sand, and
water, respectively (kg/m®). a, is absorption of sand. w/b is water to
binder ratio.

Hence, the mix proportion of the hardened concrete can be
estimated and shown in Table 2. The water to binder ratio of the
concrete is rather high. It is mainly because the amount of the binder
materials is less than the required. It can be concluded that low
binder content, high water to binder ratio, and excessive low quality
fly ash replacement ratio may contribute to poor strength of the
concrete.

It is noted that the estimation of the fly ash replacement ratio
and the binder content may have some errors since the property of
actual fly ash contained in the concrete sample is unknown.

5. CONCLUSIONS

The proposed physical and chemical methods can be used for
evaluating fly ash existence and estimating mix proportion of
hardened concrete. Moreover, it is capable to identify the causes of
strength drop of the concrete samples.

Based on the investigation of the fly ash existence in concrete as
mentioned, it can be concluded that the concrete sample contains fly
ash. The fly ash used is not from Mae Moh but it has similar
properties to a Rayong fly ash which has lower quality than the Mae
Moh fly ash. So, one of the causes of poor strength of the concrete
can be due to the use of low quality fly ash. Moreover, low binder
content, high water to binder ratio, and excessive low quality fly ash
replacement ratio also contribute to the low strength of the concrete.
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Abstract

This study is aimed to develop method for determination of mix
proportion of hardened cement concrete. The mix proportion of concrete
is essentially known in order to evaluate the durability and to estimate
service life of the existing concrete structures. When concrete problems
occurred such as poor strength development after casting of concrete, the
mix proportion of concrete is very essential to be examined. The method
for determining concrete mix proportion, consisting of content of coarse
aggregate, cement, sand and w/c ratio was proposed in this study. In the
analysis, three major investigation techniques were implemented. Image
processing technique was used for determination of coarse aggregate
content. Water to binder ratio was calculated from data back analysis of
the compressive strength by using the computer software. Cement and
sand contents were obtained based on the residues after selective
dissolution of the sample. The developed method was applied to estimate
mix proportions of concrete prepared in laboratory with known mix
design in order to verify its efficiency. The analytical results indicated
that the maximum error of water, cement, sand and coarse aggregate
contents were 5.88%, 7.56%, 4.49% and 5.28%, respectively. Thus, it
can be concluded that the developed procedure and analysis method can
be applied for determining the mix proportion of hardened cement

concrete.

Keywords: Mix proportion, Water to cement ratio, Hardened OPC

concrete, Image analysis, Selective dissolution
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1. Introduction

It is well known that concrete mix proportion is important to
mechanical and durability properties of concrete structures. The crucial
parameters of concrete mix proportion are w/c and cement content. Once
a concrete structure is damaged, the concrete mix proportion is required
to evaluate the durability and estimate service life of the structures in
order to assess the proper repair technique. However, the concrete mix
design is often unavailable, leading to a difficulty in predicting the
condition of structures. Accordingly, the mix proportion of such concrete
is necessarily examined after the concrete has been hardened. Moreover,
this is often conducted when non-compliance with the mix specification
is suspected along with conflicts among project owner, concrete supplier
and contractor.

To identify the mix proportion of hardened concrete, several
techniques have been developed. Nevertheless, there is no universally
applicable method for accurately determining mix proportion of hardened
concrete because of the wide variety of materials from which concrete is
made and the conditions to which it may have been subjected [1, 2].
Moreover, a promising method developed to identify the concrete mix
design encompassing binder type, w/c, cement content and aggregate
content does not exist [3-7]. Even though standards such as ASTM
C1084 [3], and BS 1881: Part 124 [1] describe the methods for
determining the cement content and other concrete compositions in the
hardened concrete, each procedure requires a substantial degree of

chemical skill and relatively complicated chemical instrumentation.



A method for estimating mix proportion of hardened concrete has
been developed in this study. Both physical and chemical methods were
adopted for the analysis. The analytical procedures for determination of
water to cement ratio, and content of concrete compositions including
cement, sand, and coarse aggregate are described.

In order to verify the accuracy of the developed method, the
estimation of mix proportion of concrete has been conducted on concrete

specimens prepared in laboratory with known mix design.

2. Materials and mix proportion

Portland cement type I was used. Chemical compositions of the
cement are shown in Table 1. Concrete samples were prepared with water
to cement ratio (w/c) of 0.45, 0.55, and 0.65. For w/c = 0.45, concrete
samples were prepared by using different aggregates (A, B, and C). All
concrete samples except W45-A were prepared in same laboratory. Specific
gravity of sand A, B, and C were 2.59, 2.60, and 2.60, respectively.
Specific gravity of all coarse aggregates (Limestone) was 2.70. Five mix

designs of concrete samples are shown in Table 2.

Table 1 Chemical properties of cement

prepared for compressive strength test at each test age. The broken
specimens from the compressive strength test were subsequently used for
selective dissolution testing. Moreover, two specimens were prepared for
determining coarse aggregate content by image processing method and

examining unit weight of concrete according to ASTM C642 [8].

3. Methodology

The procedure for estimating mix proportion of hardened OPC
concrete has been developed. In the analysis, three major investigation
techniques were implemented as shown in Fig. 1. Image processing
technique was used for determination of coarse aggregate content. Water
to binder ratio could be calculated from data back analysis of the
compressive strength by using the computer software, “FACOMP” [9-
11]. Cement and sand contents were obtained based on the residues after
selective dissolution of the sample. Contents of all concrete compositions
in 1 m’ of concrete could be derived from a set of mass balance
equations. The developed method was applied to estimate mix
proportions of concrete prepared in laboratory with known mix design in

order to verify its efficiency. Detail of the procedure for determination of

Chemical Compositions Content (%) mix proportion of hardened concrete is described below.
Si0, (%) 19.36
ALO, (%) 5.10 Estimation of mix proportion of hardened OPC concrete
Fe,0, (%) 335 l
CaO (%) 64.36 v v . 4
Image Compressive Selectlye
MgO (%) 0.81 procesgsing strength dissolution
SO, (%) 2.83 l l
Na,O (%) 0.15 v Residue
0 Area Data back of cement
K,0 (%) 0.51 estimation by analysis by and sand
TiO, (%) 0.25 MATLAB “FACOMP”
P,0; (%) 0.08 l ¢
) A4 Weight ratio
LOI (%) 3.01 Coarse wic of cement and
aggregate sand of sample
content l
Table 2 Mix design of concrete samples
. Calculation of
Cement | Water Sand |Limestone | Age mix proportion of -
Sample | w/c N N s/a N N h dp (Ii) . A
(kg/m’) | (kg/m’) (kg/m’) | (kg/m’) |(days) araened concrete
W45-A 0.45 419 188 0.42 727 1047 28,91 l
W45-B | 045 | 407 183|042 | 737 1061  [28,91 Content of water, cement, sand and
coarse aggregate of hardened concrete
W45-C 0.45 407 183 0.44 776 1025 14,91
Ws55-C 055 360 198 0.44 776 1025 14,91 Fig. 1 Procedure for determination of mix proportion of hardened concrete
W65s-C 0.65 322 210 0.44 776 1025 14,91

Cylindrical concrete samples with dimension of 10 cm in diameter
and 20 cm in length were cast. The concrete samples were cured in water

at room temperature until the specified test age. Three specimens were

3.1 Determination of coarse aggregate content by image analysis

The image analysis method was used to determine coarse aggregate

content of hardened concrete. Two cylindrical concrete specimens of



each mix were cut with a diamond saw into many slices. The concrete
slices were brought to take photos of their cut faces with sufficient
resolution. The concrete pictures were then processed with the image
processing software. The image size and quality of the photographs were
adjusted for the sake of easiness to identify the boundaries of coarse
aggregate as shown in Fig. 2. After that, the boundaries of the coarse
aggregate were identified. The aggregate particle greater than 4.75 mm
(No. 4 Sieve) was considered as coarse aggregate. The areas of the
selected boundaries of the coarse aggregate were determined by
programming in MATLAB as shown in Fig. 2. The ratios between the
area of the coarse aggregate and the total cross-sectional area of the
concrete slices were then converted to volumetric ratios of the coarse
aggregate to the concrete. The content of coarse aggregate could be
obtained by multiplying its volume by the specific gravity. It is noted that

gradation of coarse aggregate could not be evaluated by this method.

Fig. 2 Determination of coarse aggregate area by image processing technique

In order to determine how reliable the determination of coarse
aggregate was made, a statistical method by standard score (Z-score) was
used. The Z-score between -1 to 1 (-1 <Z < 1) was applied to analyze the
results. It also means that the set of data between x— u to X+ s
where ; is the mean of the population and 4 is the standard

deviation of the population, was considered.

3.2 Determination of water to cement ratio

The compressive strength of concrete samples was obtained by using
the universal testing machine. Then, the water to binder ratio could be
calculated from data back analysis of the compressive strength by using
the computer software, “FACOMP”, which was developed at Sirindhorn
International Institute of Technology (SIIT), Thammasat University,
Thailand. Models for predicting compressive strength of fly ash concrete
constructed based on experimental data were implemented in the
FACOMP. There have been proven that the prediction models could be
used to accurately predict the compressive strength of concrete within

acceptable limits [10, 11].

Procedure for determination of water to cement ratio is shown in
Fig. 3. Water to cement ratio was primarily assumed for calculating mix
proportion of concrete. The compressive strength of the calculated
mixture proportion was subsequently simulated by FACOMP. The valid
water to cement ratio could be determined by means of trial and error
until the compressive strength obtained by FACOMP is nearly equal to

the compressive strength obtain from the test.

Determination of water to cement ratio

}

Trial and error of
water to cement ratio

|

Calculation of mix proportion
of hardened concrete

l

Mix proportion of
hardened concrete

I

Checking compressive strength
by FACOMP

l Yes

Mix proportion of hardened concrete

Fig. 3 Procedure for determination of water to cement ratio

3.3 Determination of weight ratio of cement and sand by selective

dissolution

The concrete specimens after the compressive strength test were
broken into small pieces and coarse aggregate was removed. The sample
was immersed in acetone for 24 hours, before dried at 50°C in an oven to
stop hydration reaction. Then, the sample was ground to the size smaller
than 75 um (No. 200 Sieve). The powdered sample was dissolved by the
hydrochloric acid (HCI). The 2N HCI was used to dissolve calcium
components in cement and hydrated product. Further, the 5% Na,CO,
was used to dissolve silica gel [12]. However, a few amount of cement
was still insoluble. Therefore, the residues left from being dissolved were
sand and a little amount of cement.

In order to determine contents of cement and sand in sample, they
were estimated primarily based on their oven-dried weight ratio. Eq. (1)
and Eq. (2) were formed based on the mass balance of sample without
coarse aggregate. The equations were used to determine the weight ratio
of cement and sand since two unknowns (WCS and WSS) could be solved

by two equations.



I =W, + LW (1)

T=W, +W, +W, W, =023 W,) @

c''cs

Where I, r, and r, are residual weights of sample, cement and sand,

respectively. W,

s W, and W . are oven-dried weight ratio of cement,

sand, and combined water of sample, respectively. ¢ is degree of
hydration of cement. In this study, the degree of hydration of cement
equals to 0.65, 0.70 and 0.80 at 14, 28 and 91 days, respectively [9, 13,

14]. 0.23 is combined water for full hydration of cement [1, 14, 15, 16].

3.4 Calculation of mix proportion of hardened concrete

The water to cement ratio, coarse aggregate content, and weight ratio
of cement and sand in sample without coarse aggregate were obtained as
mentioned earlier. The oven-dried weight ratio of cement and sand of

concrete were obtained by Eq. (3) and Eq. (4).

W= Mo 3
(1+ag)xUW,
1=W,, + W, + W, +W, 4)

Where w W

es W, W, and W, are oven-dried weight ratio of cement,

sand, combined water, and coarse aggregate of concrete, respectively.
WG is aggregate content obtained from the image analysis (kg/mz). ag
is absorption of coarse aggregate.

UW, is oven-dried unit weight of

concrete (kg/mz). It can be obtained according to ASTM C642 [8].

Then, the oven-dried weight ratios of concrete compositions were
converted to mass of cement, sand and water at SSD state as shown in

Eq. (5).
ch = ch X UWd

W, =w, xUW, x(1+a,) 6]

W, =W, x(w/c)
Where ch’ WSC and WWC are mass of cement, sand, and water of
concrete at SSD state, respectively (kg). @, is absorption of sand. w/c is

water to cement ratio.

Generally, the mix design of concrete is estimated based on SSD
state content per 1 m’ (1000 liters). Hence, volume of each concrete
ingredient per 1000 liters of concrete is shown in Eq. (6). The volume of
each concrete ingredient could be obtained by dividing its mass (Eq. (5))
by the specific gravity. Then, the content of cement, sand, and water of

the mix proportion were obtained by Eq. (7).

V, =1000=V, +V, +V,, +V +V,;, (6)
W, =V, x SG,
W, =V, x SG, @)

W, =W, x(w/c)

Where V“ VC, VS, VW, VG and Valr are total volume of concrete,
cement, sand, water, coarse aggregate and air of concrete for 1000 liters
at SSD state, respectively (liters/ms). SG,, SG, and SG, are specific
gravity of cement, sand and coarse aggregate, respectively. W, W, and

W, are mass of cement, sand, and water, respectively (kg/m3).

4. Results and discussion
4.1 Determination of coarse aggregate content by image analysis

The content of coarse aggregate estimated by image processing
technique is shown in Table 3.

From the analytical results, the percentage errors are between 0.93 to
5.28%. The maximum error is 5.28% (or 54 kg/m3) which is within
acceptable limits. This can be confirmed that the image processing
technique can be efficiently used to determine coarse aggregate content

of hardened concrete regardless of source and s/a of aggregate.

Table 3 Coarse aggregate content obtained by image analysis

Coarse aggregate content
N Error
Sample (kg/m’)
Real Analysis kg/m3 % of real

W45-A 1047 1033.3 -13.7 -1.31
W45-B 1062 1071.6 +9.6 +0.93
W45-C 1025 1037.7 +12.7 +1.24
W55-C 1025 1079.1 +54.1 +5.28
We6s-C 1025 1054.1 +29.1 +2.84

Note: - and + is underestimate and overestimate, respectively.

4.2 Determination of water to cement ratio

The compressive strength of concrete sample is shown in Table 4.
The water to cement ratio obtained from the data back analysis of the
compressive strength by using FACOMP is shown in Table 5.

From Table 5, is can be seen that the water to cement ratio obtained
from data back analysis of the compressive strength by using FACOMP
is close to the designed water to cement ratio for all mixtures and test
ages. The maximum error is 6.67%. This can be confirmed that the
proposed method can be efficiently used to determine water to cement

ratio of hardened concrete.



Table 4 Compressive strength results by UTM

Compressive strength (MPa)

%, and 5.28 %, respectively. The mean errors of the determination of

content of water, cement, sand, and limestone are 3.27 %, 3.96 %, 1.82

Sample
14 days 28 days 91 days %, and 2.32 %, respectively. The results show that the proposed method
W45-A - 43.99 48.95 can be used to estimate mix proportion of hardened concrete with
W45-B ) 4130 46.81 different water to cement ratios and different sources of aggregate.
WaS-C 13,96 4187 Moreover, mix proportion at any age of concrete can also be accurately
determined since the effect of age of concrete is governed by taking into
W55-C 22.61 - 33.04
account the degree of hydration in the analysis.
W65-C 17.66 - 23.23
Table 7 Mix proportion of concrete sample
Table 5 Result of w/c ratio by FACOMP ) Cement | Water Sand Limestone
Mixer Age w/c N N N N
wic (kg/m’) (kg/m’) (kg/m’) (kg/m’)
45-A | Desi 4 41 1 2 104
14 days 28 days 91 days W45 esign | 0.45 9 88 727 047
Sample | Design 28 | 0.42 430 181 751 1033
Error Error Error
Trial Trial Trial 91 0.44 424 187 741 1033
(%) (%) (%)
W45-B | Design | 0.45 407 183 737 1061
- 0.45 - - 0.42 -6.67 0.44 -2.22
Was-A 28 0.43 405 174 757 1072
was-B | 045 ; T 0 [ As ) 04 0 91 | 045 | 394 181 747 1072
W45-C 0.45 0.45 0 - - 048 | +6.67 W45-C | Design | 0.45 407 183 776 1025
W55-C 0.55 0.57 | +3.64 - - 0.56 | +1.82 14| 045 393 177 790 1038
W65-C 0.65 0.65 0 R _ 0.69 16.15 91 0.48 384 184 779 1038
- - - - W55-C | Design | 0.55 360 198 776 1025
Note: - and + is underestimate and overestimate, respectively.
14 0.57 333 190 766 1079
4.3 Residual weight by selective dissolution 91 0.56 333 186 776 1079
W65-C | Design | 0.65 322 210 776 1025
Residual weights of sample by selective dissolution method are
14 0.65 307 200 786 1054
shown in Table 6. They were subsequently used to calculate weight ratio
91 0.69 312 215 741 1054
of cement and sand as mentioned earlier.
Table 6 Residual weight of sample by selective dissolution method Table 8 Percentage error of mix proportion of concrete sample
Residue (%) ] % Error
Sample Mixer Age
14 days 28 days 91 days w/c Cement Water Sand Limestone
W45-A - 55.837 55.442 W45-A 28 -6.67 +2.79 -4.06 +3.21 -1.31
W45-B - 59.437 59.323 91 -2.22 +1.26 -0.99 +1.88 -1.31
W45-C 61.374 - 60.965 W45-B 28 -4.44 -0.57 -4.99 +2.58 +0.93
W55-C 64.380 - 64.011 91 0 -3.26 L1 | +1.29 +0.93
Wes-C 66.628 - 64.405 Wias-C | 14 0 332 | 332 | 4175 +1.24
91 +6.67 -5.70 +0.66 +0.39 +1.24
4.4 Calculation of mix proportion of hardened concrete
W55-C 14 +3.64 -7.50 -4.13 +1.23 +5.28
Mix proportion of concrete estimated by the proposed method and its
91 +1.82 -7.56 -5.88 0 +5.28
percentage error are shown in Tables 7 and 8, respectively.
W65-C 14 0 -4.63 -4.94 +1.34 +2.84
From the analytical results, it can be seen that the proposed method
_ ) ) _ 91 | +6.15 | -3.04 | +258 | -4.49 +2.84
can be used to estimate mix proportion of hardened concrete with good

accuracy for all mixtures. The maximum errors of the determination of

content of water, cement, sand, and limestone are 5.88 %, 7.56 %, 4.49

Note: - and + is underestimate and overestimate respectively.




5. Conclusions

The method for estimating mix proportion of hardened OPC concrete
has been developed in this study. The developed method was applied to
estimate mix proportions of concrete prepared in laboratory with known
mix design in order to verify its efficiency. From the analytical results, it
was found that the developed method could be used to estimate mix
proportion of hardened concrete with different water to cement ratios and
different sources and s/a of aggregate at any age of concrete. The
accuracy was within acceptable limits. The maximum error of the
determination of w/c was 6.67%. The maximum errors of the

determination of content of water, cement, sand, and limestone were 5.88

%, 7.56 %, 4.49 %, and 5.28 %, respectively.
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