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Received: 13 December 2019 binder material in construction industry. Ultrasonic pulse velocity (UPV)

method is a non-destructive technique for investigating the mechanical

Accepted: 9 January 2019 performance of concrete. Experimental investigation was performed for

Published Online: 31 March 2020 studying the effect of NaOH Molarity, Na2SiO3/NaOH and curing tem-

perature on the ultrasonic pulse velocity of geopolymer mortar. Experi-
Keywords: ments were designed based on central composite design (CCD) technique
Geopolymer of response surface methodology (RSM). Statistical model was developed

and statistically validated and found significant as the difference between
Fly ash adjustable R-squared and predicted R-squared less than 0.2. Finally, the
NaOH molarity optimized mix proportion was assessed for maximized value of UPV. Ex-
Na2SiO3/NaOH perimental validation on the optimized mix reveals the close agreement

between experimental and predicted values of UPV with significance
i ) level of more than 95%. The proposed technique improves the yield, the
Ultrasonic pulse velocity reliability of the product and the processes.
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Curing temperature
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1. Introduction oxide contribute into atmospheric gasses *\. Yearly, about

o ) ) 2.9 billion tons of cement is being consumed in construc-
old population is increasing continuously. In

2017, the it was 7.6 billion, however this fig-

ure will reach up-to 9.8 billion in 2050 ). The
rapid increase in population will lead toward urbanization
results in the growth of construction industry. Owing to
the better mechanical properties and easy handling, con-
crete is mostly utilized building material in construction
industry. Cement, sand and water are the main ingredients Geopolymer is an eco-friendly, sustainable and alterna-
of concrete. However, the production of cement contrib-  tive binder material to OPC . The term geopolymer was
utes in polluting the atmosphere. During the produce of  firstly introduced by . Alkaline solution and base mate-
one ton of cement, approximately 0.99 tons of carbon di- rial are the main ingredients of geopolymer. Base material

tion industry. Hence cement industry alone is responsible
for 10% of total greenhouse gas emissions "' Further-
more, production of cement is also an energy extensive
procedure. Approximately 3.1 to 5 GJ of energy is needed
for the production of 1 ton of cement from the raw materi-
al ¥, Cement industry utilized 12% of total energy used.
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could be of geological origin or industrial waste material
rich in alumina and silica. Polymerization takes place
when aluminium and silicate elements present in base ma-
terial, reacts with alkaline medium . Approximately 60%
less energy is required to manufacture fly ash based geo-
polymer when compared to OPC industry . Furthermore
reduction in atmospheric carbon dioxide emission of fly
ash based geopolymer was 80% to the OPC *.

Non-destructive testing techniques (NDT) are getting
popularity among the researchers for the measurement
of mechanical and physical properties of concrete. These
techniques include ultrasonic wave reflection ', Infrared
thermography """, resonant frequency measurements "',
Ultrasonic pulse velocity "' and spectral analysis of sur-
%1 However, ultrasonic pulse velocity test is
considered as most reliable, quick and safe among other
NDT ", Magnitude of UPV can be used to accurately
predict compressive strength, poison’s ratio and elastic
modulus of concrete !'”. Therefore, UPV is more compact
and easy method to assess the quality of concrete.

Ultrasonic pulse velocity (UPV) is influenced by the
verity of parameters especially those responsible for phys-
ical and mechanical properties of concrete. In their study
Tarek Uddin investigate the variation of UPV of concrete
using different types of aggregates and varying sand to
aggregate ratio |'”), they concluded that aggregate type
has significant influence on the UPV value and develop
correlation of UPV with compressive strength and elastic
modulus "*'. Another study deals with the UPV of cemen-
titious mortar having variable water to cement ratio (w/c).
They concluded that by increasing w/c, the UPV decrease.
Further they developed regression models to predict po-
rosity and permeability of concrete with the help of UPV
Ul In their study Tirupan Mandal et al. investigated the
effectiveness of UPV value for the prediction of strength
and modulus of cementitious stabilized materials CSMs.
They proposed UPV as convenient and reliable method
to assess the strength of CSMs "7, The effect of mois-
ture content on UPV is studied by the Uldis Lencis et al.
Higher UPV was observed for the samples with higher
moisture content ¥, Furthermore, concrete moisture con-
tent and UPV was correlated for the better understanding.
Another study focuses on the effect of moisture content
and heat on the UPV. They concluded that the increment
in moisture content as well as temperature caused in high-
er UPV!L

There is enough literature available for Ultrasonic pulse
velocity of cementitious concrete, however, research on
the influence of different variables on the UPV of geopol-
ymer is fledgling. In their study, Weibo ren investigated
the effect of elevated temperature on UPV of geopolymer.

face waves
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Temperature was varied from 200 °C to 800 °C with an
increment of 200 °C. Morphological destruction in ge-
opolymer with the increment in temperature results in
decreased value of UPV ", In another study, the addition
of more alkaline solution contributes in strength develop-
ment of geopolymer with higher UPV ", Curing days and
NaOH concentration has shown considerable influence
on UPV of geopolymer concrete. Increasing magnitude of
UPV was observed with the increase in curing days fur-
ther NaOH concentration has shown variable influence on
upv 1,

The main objective of this article is to investigate the
influence of geopolymer primary variables (NaOH mo-
larity, Na2Si03/NaOH, curing temperature) on ultrasonic
pulse velocity (UPV) using response surface methodology
(RSM). ANOVA model was also developed for the pre-
diction of UPV. Geopolymer mix was also optimized for
maximum UPV. Experimental validation was performed
on the Optimized mixture.

2. Experimental Program

2.1 Material

High calcium fly ash (HCFA) of Malaysian origin was
utilized as a base material for the synthesis of geopoly-
mer. Chemical characteristics of HFA are given in table 1.
It is well noted that CaO was more than 10% for HCFA.
Further, the summation of SiO,, Al,O, and Fe,O, was less
than 70%, Hence the fly ash confirms the basic require-
ment of high calcium fly ash as per ASTM 618-10.

Table 1. Chemical characteristics of fly ash

Element SiO, | ALO; | Fe,0, | CaO | MgO | K,0 | SO, | TiO, | P,Os | LOI

Percentage | 35.5 12.73 | 23.6 19 227 | 21 1.5 1.46 1.2 ] 0.6

Note: LOI: Loss on ignition

As shown in Figure 1, FESEM image of HCFA reveals
the spherical shape of fly ash particles.

P .

Date 114 Feb 2017 Time
Universiti Teknologi PETI

Figure 1. FESEM image of HCFA
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Figure 2. X-ray diffraction (XRD) of HCFA and micro
g Y - ( ) 16 | 16 90 1 038 [0.081] 023 | 1 | 03
silica sand
171 10 67.5 175 038 [0.054] 023 | 1 | 03
Sodium hydroxide of 99% purity was provided by 8 | 10 675 3 038|000l 023 | 1| 03
R&M. chemicals. $od1um s‘1hcate was s'u.pphed by S¥n0 P % e 038 loor7 023 11 1 oa
chemicals Malaysia. Chemical composition of Na,SiO,
20 | 10 67.5 175 038 [0.054] 023 | 1 | 03

are given in Table 2.
Table 2. Chemical composition of Na,SiO,

Molecule Percentage
Na20 14.7
Si02 29.75
H20 55.52
2.2 Methodology

Influence of NaOH molarity, Na,SiO,/NaOH and curing
temperature on the ultrasonic pulse velocity was inves-
tigated by 20mix designs proposed by central composite
design (CCD) of response surface methodology (RSM).
Commercially available software (design Expert®) was
used to statistically design and analyse the experiments.
For each mix design a group of three cylinders was casted
and cured for 28 days.

2.2.1 Mixing Proportions and Specimen Prepara-
tion

A set of three geopolymer cylinders having length of 200
mm and diameter of 100 mm were casted for each mix
design as shown in table 3.

Table 3. Experimental mix design

Factor 1| Factor 2 Factor 3
Run NaOH Curing ) Alkaline | Extra :Z{l(;ls) Fly Sand
molarity | temperature | Na2Sio3/ | solution | water . ash
NaOH ratio
M °C

1 10 105 1.75 0.38 10.054| 0.23 1 0.3
2 10 67.5 0.48 0.38 10.039| 0.23 1 0.3
3 20 67.5 1.75 0.38 10.096| 0.23 1 0.3

Distributed under creative commons license 4.0

Note: alkaline solution, Extra water and sand are the mass ratio of fly
ash.

NaOH molarity, curing temperature and Na,SiO,/
NaOH were determined by RSM. Fly ash, sand, W/GP
solids and alkaline solution were selected from available
literature 1**

2.2.2 Ultrasonic Pulse Velocity Equipment

The equipment used for measurement of UPV consisted of
electrical pulse generator and electro-acoustical transducer
as the main components. Ultrasonic pulse was transmitted
from the concrete by a transducer. The pulse was received
by a transducer placed on the opposite end. Measurement
was taken in the form of pulse travelling time between
two transducers. Pulse travelling time was converted into
pulse velocity by using equation 1.

UPV=L/T 1)

Where

V= Pulse velocity (m/s)

L=Distance between centre of transducer faces (m)

T= Transit time (s)

The measuring of pulse velocity was conducted with
direct transmission method on 100 mm x 200 mm geopol-
ymer cylinders. Standard testing procedure adopted as per
recommendations of ASTM C 597-02 %\

2.3 Results and Discussions

Effect of NaOH molarity, Na,SiO;/NaOH and Curing
temperature on the ultrasonic pulse velocity is shown in
Figure 3 and Figure 4 as response surface diagrams. And
intervals of UPV are illustrated with the help of contour
diagrams. As shown in Figure 3, influence of curing tem-
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perature on UPV was altered with the NaOH molarity. At
low molar NaOH, the effect of curing temperature was
more prominent and increase in curing temperature caused
the improving UPV value. However curing temperature
shows relatively less influence on the geopolymer syn-
thesis with higher molar NaOH solution. For 16M NaOH
solution the increase in UPV was seen with the initial
increment in curing temperature however further increase
in curing temperature shows negative effect on UPV. This
could have happened due to week product formation.
The same phenomenon was also reported by J.G.S. van
Jaarsveld .

Design-Expert® Software
Factor t

a
Uttrasonic puse velocity (m/s)
n pe edicted value
 Design
3725

I2575

X1 = A: NaOH molarity
X2 = B curing temperature

Actual Factor
C: Na2Sio3/NaOH = 1.75

Ultrasonic pulse velocity (m/s)

10

5\/ / A: NaOH molarity (M)
54

B: curing temperature (oC) 4574

(a) 3D response surface

Design-Expert® Software
Factor Coding: Actual
Uttrasonic pulse velocity (m/s)

Ultrasonic pulse velocity (m/s)

= A: NaOH molarity

= B: curing temperature
]
2

ual Factor
Na2Sio3/NaOH = 1.75

X1: A: NaOH molarity (M)
X2: B: curing temperature (oC)

(b) contour diagrams

Figure 3. Ultrasonic pulse velocity versus Curing tem-
perature and NaOH molarity

Influence of NaOH molarity on the ultrasonic pulse
velocity is shown in Figure 4. Geopolymer synthesis with
low concentration of NaOH produces weaker product
and leaves unreacted fly ash particle, furthermore, con-
centrated NaOH produced higher geopolymeric reaction
1 Improvement in UPV was observed with the increase
in NaOH molarity from 4M to 10M. However further in-
crease in NaOH concentration does not contribute in UPV.
this could be happened due to fully reacted fly ash parti-
cles at 10M.
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ras ulse velocity (m/s)
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(a) 3D response surface
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 Design Points
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B: curing temperature = 67.5 19

X1: A: NaOH molarity (M)
X2: C: Na2Sio3/NaOH

(b) contour diagrams

Figure 4. Ultrasonic pulse velocity versus NaOH molarity
and Na,SiO,/NaOH

Nasir et al, utilized response surface methodology
(RSM) for the development of ANOVA models for Nano
silica modified concrete **. However, ANOVA equation
2 is given for the prediction of Ultrasonic pulse velocity
(UPV) of geopolymer.

Ultrasonic pulse velocity =+705.65796+211.97143*x,+
41.19801*x, +192.98417*x,-0.78889*x,*x,+15.33333*x-
Xy +1.31852%x,%x, 7.37575%x,°-0.21232%x,”

-134.20792%x,” )

Where x,, x,, and x; represents NaOH molarity, curing
temperature and Na2SiO3/NaOH respectively

2.4 ANOVA Model validation

The developed ANOVA model was statistically validat-
ed for the reliable usage to predict UPV value. ANOVA
results for the model are given in the table 4, and the pro-
posed model was significant.

As enlisted in table 5, Predicted R”is in good agree-
ment with Adjusted R* and the difference between them
was less than 0.2. Additionally, the value of adequate pre-
cision was more than four. Hence, the model can be used
to predict UPV value *”.
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Table 4. ANOVA results for full regression model

Response Ultrasonic pulse velocity (m/s)
Sum of squares 2.325x 106
Mean square 2.583 x 105
F-value 1397.02
p-value prob > F <0.0001
Remarks significant

Table 5. Model Validation results

Response Ultrasonic pulse velocity (m/s)
Standard deviation 13.60
Mean 3413.30
R2 0.9992
Predicted R2 0.9942
Adjusted R2 0.9985
Adequate precision 118.024

2.4 Optimizations

In this study Multi-objective optimization approach was
utilized to identify the ideal value of independent variable
1 The main objective was to get maximize UPV for all
factors simultaneously. The criteria for the prediction of
the optimal solution through RSM is given in table 6. The
graphical representation of the optimized solution in figure
6 shows the design variables of NaOH molarity of 9.20,
Na,Si0,/NaOH of 1.456 and Curing temperature of 79.76
°C are able to achieve maximize value of UPV as 3743.12
m/s with desirability equals to one. A set of experiments
was performed to validate the predicted optimized value
of UPV. Test results in table 7 are found in great concur-
rence with the predicted outcomes with error less than 5%,
therefore the developed model for UPV prediction can be
used with more than 95% confidence level.

Table 6. Optimisation benchmark

Figure 5 and Figure6 represents Perturbation curves
and Normal plot of residuals for ultrasonic pulse velocity.
Despite the higher sensitivity of NaOH molarity (A) and
curing temperature (B), the developed model was less
sensitive for Na,Si0,/NaOH (C). Furthermore, the spread
of Normal plot of residuals was approximately follow the
45-degree straight line. Hence model can be used for any

predicted value.

Design-Expert® Software.
Factor Coding: Actual
Uttrasonic pulse velocity (mis)

Actual Factors

C: Na2Sio3INaOH = 1.75.

Design-Expert® Software.
Uttrasonic pulse velocity

Color points by \alue of
Ultrasonic pulse velocity:

2575

Figure 5. Perturbation curves for UPV Figure 6 Normal
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Factors and Response Goals Lower limit Upper limit
NaOH In-range 4 16
Na2SiO3/NaOH 1 25
Curing Temperate 45 90
UPV Maximize 2575 3725
4 16 45 90

A-NaOH molarity = 9.20751

L

1 25 2575 3725

B: curing temperature = 79.7612

C: Naz5i0=z/NaOH = 1.4562 Ultrasonic pulse velocity = 3743.12

Desirability = 1.000

Figure 6. Optimisation ramps

Table 7. Model verification

Response Predicted Error (%)

UPV 3743.12 3920 4.72

Experimental

3. Conclusion

In this investigation, RSM method was utilized to set up
the optimal proportions of geopolymer paste for achieving
maximize UPV. Conclusions drawn from this examination
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study are given beneath.

(1) Statistical model for the prediction of UPV of geo-
polymer binder have been developed and validated.

(2) The developed statistical models can be used to de-
sign the experiment for any target value of UPV.

(3) The RSM optimization technique reduces the de-
sign time and improves the performance of the existing
process and product, improves reliability and achieves
robustness of the product and process.

References

[1] P. D. United Nations. Department of Economic and
Social Affairs, World Population Prospects The 2017
Revision Key Findings and Advance Tables. World
Popul. Prospect. 2017: 1-46.

[2] J. Wang, Y. Wang, Y. Sun, D. D. Tingley Y. Zhang.
Life cycle sustainability assessment of fly ash con-
crete structures. Renew. Sustain. Energy Rev., 2017,
80: 1162-1174, .

[3] Z. Liu. China’s Carbon Emissions Report. 2015.

[4] M. Zahid, N. Shafiq, A. Jalal. Investigating the ef-
fects of solarcure curing method on the compressive
strength, microstructure and polymeric reaction of fly
ash based geopolymer. Constr. Build. Mater., 2018,
181: 227-237.

[5] J.Davidovits. Geopolymers: inorganic polymeric new
materials. J. Therm. Anal., 1991: 1633-1656.

[6] D. Hardjito, B. V. Rangan. Development and prop-
erties of low-calcium fly ash-based geopolymer con-
crete. Res. Rep. GC, 2005: 94.

[7] J. Davidovits. Properties of Geopolymer Cements.
Joseph Davidovits Geopolymer Institute, 02100
Saint-Quentin, France. Alkaline Cem. Concr. KIEV
Ukr., 1994: 1-19.

[8] Z. Li, Z. Ding, Y. Zhang, C. W. Bay, H. Kong. De-
velopment of Sustainable Cementitious. Int. Work.
Sustain. Dev. Concr. Technol., 2004, 1(1): 55-76.

[9] T. Oztiirk, O. Kroggel, P. Griibl, J. S. Popovics. Im-
proved ultrasonic wave reflection technique to mon-
itor the setting of cement-based materials. NDT E
Int., 2006, 39(4): 258-263.

[10] I. A. E. A. IAEA. Guidebook on non-destructive test-
ing of concrete structures. Train. Course Ser., 2002,
17(17): 231.

[11] Y. Yang, M. D. Lepech, E. H. Yang, V. C. Li. Autoge-
nous healing of engineered cementitious composites
under wet-dry cycles. Cem. Concr. Res., 2009, 39(5):
382-390.

[12] R. Ghosh, S. P. Sagar, A. Kumar, S. K. Gupta, S.
Kumar. Estimation of geopolymer concrete strength
from ultrasonic pulse velocity (UPV) using high

16 Distributed under creative commons license 4.0

power pulser. J. Build. Eng., 2018, 16: 39-44.

[13] Y. Cho. Non-destructive testing of high strength con-
crete using spectral analysis of surface waves. NDT
E Int., 2003, 36(4): 229-235.

[14] T. H. Panzera, A. L. Christoforo, F. P. Cota, P. H.
R. Borges, C. R. Bowen. Ultrasonic Pulse Velocity
Evaluation of Cementitious Materials. Adv. Com-
pos. Mater. - Anal. Nat. man-made Mater., 2011, 17:
411-436.

[15] T. U. Mohammed, M. N. Rahman. Effect of types
of aggregate and sand-to-aggregate volume ratio on
UPV in concrete, Constr. Build. Mater., 2016, 125:
832-841.

[16] Z. Lathaj, M. Goueygou, A. Djerbi, M. Kaczmarek.
Correlation between porosity, permeability and ul-
trasonic parameters of mortar with variable water /
cement ratio and water content. Cem. Concr. Res.,
2006, 36( 4): 625-633.

[17] T. Mandal, J. M. Tinjum, T. B. Edil. Non-destructive
testing of cementitiously stabilized materials using
ultrasonic pulse velocity test. Transp. Geotech., 2016,
6: 97-107.

[18] U. Lencis, A. Udris, A. Korjakins. Moisture effect on
the ultrasonic pulse velocity in concrete cured under
normal conditions and at elevated temperature. Con-
str. Sci., 2014, 10.2478: 8.

[19] H. Giineyli, S. Karahan, A. Giineyli, N. Yapict. Water
content and temperature effect on ultrasonic pulse
velocity of concrete. Russ. J. Nondestruct. Test.,
2017, 53(2): 159-166.

[20] W. Ren, J. Xu, E. Bai. Strength and Ultrasonic Char-
acteristics of Alkali-Activated Fly Ash-Slag Geopoly-
mer Concrete after Exposure to Elevated Tempera-
tures. J. Mater. Civ. Eng., 2016, 28(2): 04015124.

[21] W. C. Wang, H. Y. Wang, M. H. Lo. The fresh and
engineering properties of alkali activated slag as a
function of fly ash replacement and alkali concentra-
tion. Constr. Build. Mater., 2015, 84: 224-229.

[22] B. Nematollahi, J. Sanjayan, F. U. A. Shaikh. Matrix
design of strain hardening fiber reinforced engineered
geopolymer composite. Compos. Part B Eng., 2015,
27(10): 253-265.

[23] ASTM C597. Standard test method for Pulse Veloci-
ty Through Concrete. Annu. B. ASTM Stand., 2009,
2: 6-9.

[24] J. G. . van Jaarsveld et al.. The effect of composition
and temperature on the properties of fly ash- and
kaolinite-based geopolymers. Chem. Eng. J., 2002,
89(1-3): 63-73.

[25] P. Chindaprasirt, C. Jaturapitakkul, W. Chalee, U.
Rattanasak. Comparative study on the characteris-
tics of fly ash and bottom ash geopolymers. Waste

DOL: https://doi.org/10.30564/jaeser.v2i4.1558



Journal of Architectural Environment & Structural Engineering Research | Volume 02 | Issue 04 | October 2019

Manag., 2009, 29(2): 539-543. RuC Using Response Surface Methodology. Civ.
[26] N. Shafiq, R. Kumar, M. Zahid, R. F. Tufail. Effects Eng. J., 2019, 5(2): 268-283.

of Modified Metakaolin Using Nano-Silica on the [28] Zahid, L. G. Muhammad Zahid, Nasir Shafiq, M.

Mechanical Properties and Durability of Concrete. Hasnain Isa. Statistical modeling and mix design

Materials (Basel)., 2019, 12(14): 2291. optimization of fly ash based engineered geopoly-
[27] X. Feng, R. Faisal, M. Zahid. Experimental Inves- mer composite using response surface methodology.

tigation and Statistical Modeling of FRP Confined Clean. Prod., 2018, 194.

Distributed under creative commons license 4.0 DOI: https://doi.org/10.30564/jaeser.v2i4.1558 17



