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ABSTRACT

Test results of thirty six ground granulated blast-furnace slag (GGBS)-based mortars and eighteen

fly ash (FA)-based mortars activated by sodium silicate and/or sodium hydroxide powders are

presented. The main variables investigated were the mixing ratio of sodium oxide (Na,O) of the

activators to source materials, water-to-binder ratio, and fine aggregate-to-binder ratio. Test results

showed that GGBS based alkali-activated (AA) mortars exhibited much higher compressive

strength but slightly less flow than FA based AA mortars for the same mixing condition.

Feed-forward neural networks and simplified equations developed from nonlinear multiple

regression analysis were proposed to evaluate the initial flow and 28-day compressive strength of

AA mortars. The training and testing of neural networks, and calibration of the simplified equations

were achieved using a comprehensive database of 82 test results of mortars activated by sodium

silicate and sodium hydroxide powders. Compressive strength development of GGBS-based alkali-

activated mortars was also estimated using the formula specified in ACI 209 calibrated against the

collected database. Predictions obtained from the trained neural network or developed simplified

equations were in good agreement with test results, though early strength of GGBS-based alkali-

activated mortars was slightly overestimated by the proposed simplified equations.

Keywords: alkali-activated mortar, fly ash, ground granulated blast furnace slag, neural network,

regression analysis.



INTRODUCTION

It has been generally recognized'® that fly ash (FA) and ground granulated blast-furnace slag
(GGBS)-based alkali-activated (AA) binders are practically useful construction materials owing to
their sound environmental performance such as recycling of by-product materials, low carbon
dioxide emissions and low energy consumption. In addition, AA concrete has been known to have
many beneficial properties compared with ordinary Portland cement (OPC) concrete such as rapid
high strength development, good durability and high resistance to chemical attack®. As a result, the
application of AA mortar or concrete has gradually grown to a large proportion in the construction
industry.

Extensive reviews?> 610

on AA binders clearly showed that calcined materials with abundant
silicon oxide (SiO,), aluminum oxide (Al,O3), and/or calcium oxide (CaQ) are suitable source
materials as the mechanism of alkali activation process involves a chemical reaction between
various alumino-silicate oxides with silicate, and/or the formation of silica-rich calcium silicate
hydrates gel (CSH gel). It is also known”® that alkali hydroxide (ROH), non-silicic salts of weak
acids (R2COg3, R3S, RF), or silicic salts of R,0O-(n)SiO, type can be used as effective activators,
where R indicates an alkali metal ion such as Na, K or Li. Various important parameters affecting
the activation mechanism of AA mortar are well evaluated as summarized in different review
papers®> &1 Although, numerous investigations® *° are published on the optimum mix design of

mortar or concrete activated by alkaline solutions, very few test data™ on concrete activated by

powder type activators are available. However, mortar and concrete in construction industry are
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generally manufactured from powder-type binders. Compared with powder-type activators,
solution-type activators are more effective for high-strength concrete, but require more caution to
handle safely outside the laboratory environment'?. Therefore, it is necessary to carry out more
experimental investigations on mortar or concrete activated by powder-type activators to improve
the practical application of AA binders.

Although, there have been many theoretical investigations*® to evaluate the workability and
strength of OPC mortar or concrete, they are not applicable to assess the properties of AA mortars
as the hydration mechanism of both pastes are completely different. In addition, it is difficult to
control the strength development of AA mortars owing to the inconsistent interaction of numerous
influencing factors as pointed out by Wang et al*. The current investigation presents test results of
GGBS and FA based AA mortars of different mixing ratios of sodium oxide (Na,O) of the
activators to source materials by weight, water to binder, and fine aggregate to binder. Multi-
layered feed-forward neural networks were also developed to model the nonlinear interaction

between initial flow and compressive strength of AA mortars, and different influencing parameters.

RESEARCH SIGNIFICANCE
Utilization of AA mortars using powder-type activators would contribute to the solution of
recycling of by-product materials, and reduction of carbon dioxide emission and energy
consumption owing to OPC production. However, test data on AA activated mortar properties such

as flow and compressive strength are limited. The experimental and analytical results of the present
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study can be practically applied for reliable mix design of mortars activated by sodium silicate and

sodium hydroxide powders.

EXPERIMENTAL PROGRAMME

Mix design

AA mortars studied were classified into three groups as given in Tablel: group | and group Il for

GGBS and FA based mortars, respectively, activated by combined sodium silicate and sodium

hydroxide powders, and group Il for GGBS-based mortar activated by sodium silicate only. Main

variables investigated in each group were the amount of added alkaline activators, water-to-binder

(W /B) ratio, and fine aggregate-to-binder (S/B) ratio, where W and S is the weight of water

and fine aggregate, respectively, and B indicates the total weight of the binder and alkaline

activator. The amount of alkaline activators added was controlled by Na,O of the activator to

source material (SM) ratio by weight. The Na,O/SM ratios selected in all groups were 0.038 and

0.089 to produce low and medium strength GGBS-based AA mortars, respectively, as proposed by

Yang et al**

. Sodium hydroxide powder was also added in groups I and Il to control the molar ratio
(SiO2/Na,0) of the sodium silicate at the same Na,O/SM ratio. As a result, the SiO,/Na,O ratio of
added activators was 0.75 in groups | and Il, and 0.9 in group I1l. The W /B ratio varied from 0.3

to 0.6 in mortars mixed with S/B ratio of 3.0. For W /B ratio = 0.5, S/B ratio also ranged

from 0 to 3.5 as presented in Table 1.



Materials

The Blaine fineness and specific gravity of FA were 3388 cm?/g (525 in.?/g) and 2.2, respectively,
and those of GGBS were 4204 cm?/g (652 in.?/g) and 2.9, respectively. The chemical compositions
of GGBS and FA obtained from x-ray fluorescence (XRF) analysis are given in Table 2. The X-ray
powder diffraction pattern recorded for source materials used is also shown in Fig. 1. The FA used
had a low calcium oxide (CaO) but was rich in both silicon and alumina as the silicon oxide (SiO,)-
to-aluminum oxide (Al,O3) ratio by mass is 1.91 which belongs to class F according to the
American Society for Testing and Materials standards™. In addition, the most abundant phase in fly
ash is glass including quartz and mullite as shown in Fig. 1. On the other hand, GGBS was mainly
composed of calcium, silicon, alumina and magnesium oxides. Three characteristic peaks
corresponding to dicalcium silicate and spinel appeared on XRD patterns for GGBS. Sodium
silicate powder and sodium hydroxide powder, commercially available in South Korea, were used
as activators. The sodium silicate powder used as the main activator in all mortars composed of
50.2 % sodium oxide (Na,O) and 45 % silicon oxide (SiO;), producing a molar ratio of 0.9. The
maximum particle size of sodium silicate was 0.5 mm (0.02 in.). The sodium hydroxide powder
with a maximum particle size of 0.5 mm (0.02 in.) was also employed as an auxiliary activator in

groups | and Il. Locally available sand with maximum size of 5 mm (0.2 in.) was used as the fine

aggregate in saturated surface-dry condition. The specific gravity and grading of the sand were 2.54

and 2.97, respectively.




Casting, curing, and testing

The source material, activator, and fine aggregate were dry-mixed in a mixer pan for 30 seconds,
and water was then added and mixed for another 30 seconds. After initial flow testing, each mix
mortar was poured in steel moulds of dimensions 50x50x50 mm (1.97%1.97x1.97 in.) to measure
the compressive strength. Immediately after casting, all specimens were cured at room temperature
having constant relative humidity of 70 £ 5% until tested at a specified age. All steel moulds for
GGBS-based AA mortars were removed at an age of one day, while those for FA-based AA
mortars were removed after three days of casting as they required more setting time.

The test procedure of initial flow and compressive strength was carried out according to American
Society for Testing and Materials standards™. Initial flow of mortar was measured using a cone-
shaped mould having a height of 50 mm (1.97 in.), a bottom diameter of 100 mm (3.94 in.) and a
top diameter of 70 mm (2.76 in.). Immediately after filling the mould that is mounted rigidly on the
flow table, the cone is slowly lifted, and then the flow table was jolted 15 times in a period of 60
seconds. The mortar consequently spreads out and the maximum spread parallel to the two edges of
the table was recorded. Compressive strength development of mortar was monitored by testing
three mortar cubes at 1, 3, 7, 28, 56 and 91 days using a 500 kN (112 kip) capacity universal testing

machine.



TEST RESULTS AND DISCUSSION
Initial flow
The initial flow F, of AA mortars was significantly influenced by W/B and S/B ratios as
shown in Fig. 2 and Table 1. The flow of AA mortars tested proportionally increased with the
increase of W /B ratio and decreased with the increase of S/B ratio. On the other hand, the
initial flow of AA mortars with Na,O/SM ratio of 0.089 was slightly lower than that of AA mortars
with Na,O/SM ratio of 0.038 at the same W /B and S/B ratios. A slightly higher flow also
occurred in FA-based AA mortars than GGBS-based AA mortars for the same mixing condition.
Although, there is no consensus view on the setting mechanism of AA mortars, the absence of
tricalcium silicate (3Ca0-SiO,) and tricalcium aluminate (3CaO-Al,03) in source material would
cause quick setting of mortar®. In addition, higher fineness of source material is more reactive and
requires more water for hydration, resulting in quicker setting of mortar®>. On the other hand, a
relatively low curing temperature of FA-based AA mortar leads to a slower reaction as stable alkali
reaction process of FA requires a higher temperature to accelerate the hydrothermal synthesis
reaction. The spherical shape of FA particles also helps in producing higher initial flow? than non-
spherical slag.
Compressive strength at 28 days

,; Of

The influence of W/B, S/B, and Na,O/SM ratios on the 28-day compressive strength (fc)

AA mortars was dependent on the type of source material as given in Table 1. No meaningful

compressive strength (fc')28 developed in FA-based AA mortars tested. However, much higher
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(fc')28 exhibited by GGBS-based AA mortars. From the energy-dispersive X-ray (EDX) analysis
combined with scanning electron microscope (SEM) image, Yang and Song*® showed that very few
hydration products were detected in FA-based AA mortars cured under room temperature, which
would be the main cause of the poor compressive strength of the FA-based AA mortars. On the
other hand, the effect of Na,O/SM ratio on (fc' )28 was clearly shown in GGBS-based AA mortars

as increasing Na,O/SM ratio from 0.038 to 0.089 produced an increase in (f )28 by an average of

c

220% at the same W /B and S/B ratios. The 28-day compressive strength (fc) of GGBS-

28
based mortars activated by the combination of sodium silicate and sodium hydroxide was generally
lower than that of GGBS-based mortars activated by sodium silicate only for the same value of
Na,O/SM ratio.

The influence of W/B and S/B ratios on the 28-day compressive strength (fc')28 of AA

mortars studied is shown in Fig. 3. The 28-day compressive strength (fc') of AA mortars tested

28
commonly decreased with the increase of W /B ratio, similar to the trend observed in OPC
concrete™®. The decreasing rate was more prominent in AA mortars with Na,O/SM ratio of 0.089
than 0.038. Although, there is no consensus view on the role of Na" cation in the hydration process
of GGBS-based paste activated by sodium silicate or sodium hydroxide, it is generally agreed™ ®
that Na* ion plays a catalytic role involving interchange with Ca®* cations. As a result, the
negatively charged surface of C-S-H gel would tightly sorb some Na" cations and Na-substituted C-

S-H gel can be presented’. On the other hand, Na* cation would help in balancing and maintaining

OH" anions; thus some structurally bounded Na* cations are removed from the C-S-H gel®. In
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addition, the extent of dissolution of GGBS particles increases with the increase of the pH of the

solution present. However, when W /B ratio is too high, the increase of the pH is not so high and

consequently the strength drops. Therefore, higher Na,O/SM ratio would result in higher

compressive strength of AA mortars, but cause a sharp decrease of the compressive strength with

the increase of W /B ratio as shown in Fig. 3. On the other hand, the measured (fc) of GGBS-

28
based AA mortars increased with the increase of S/B ratio up to a value of S/B = 25
regardless of Na,O/SM ratio, beyond which it dramatically decreased. In general, compressive
strength of OPC mortar increases with the increase of S/B ratio up to a value of S/B =
3.0~3.5'%, Therefore, the threshold of S/B of AA mortars would be slightly lower than that of
OPC mortar, though further investigations would be required to confirm this conclusion.
Compressive strength development

14,16

Yang and Song showed that the compressive strength development of GGBS-based AA mortar

according to age could be modeled using the formula recommended by ACI 209*" as follows:

KO- +t sifohs ¢
where f_(t) is the compressive strength at age t (in days). The parameters A and B, in Eq.
(1) representing a parabolic function generally relate to the development of strength at an early age
and a long-term age, respectively; lower values of A, and B, correspond to higher compressive
strength at early age and long-term age, respectively. On the other hand, the compressive strength

of FA-based AA mortars tested linearly developed with age (see Table 1) and therefore, would not

be reasonably modelled using Eq. (1).
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Fig. 4 shows the effect of W/B and S/B ratios on the parameters A and B, of Eq. (1). The
parameter A, increased with the increase of W /B ratio and increase of Na,O/SM ratio. In
addition, the parameter A, increased with the increase of S/B ratio until S/B ratio of 2.5,
similar to the trend observed in (fc' )28 given in Fig. 3 (b). Considering that A, for OPC concrete
or mortar is commonly assumed to be 4.0'7, this parameter for GGBS-based AA mortars would be
lower as GGBS-based AA mortars gain higher strength at early age. The parameter B, obtained
for GGBS-based AA mortar tested was less influenced by W /B and Na,O/SM ratios but nearly
independent on S/B ratio. A slightly lower B, was obtained for GGBS-based AA mortars with
a higher W/B ratio and a lower Na,O/SM ratio. This indicates that the long-term rate of
compressive strength development of GGBS-based AA mortars increases with the increase of

W /B ratio and the decrease of Na,O/SM ratio.

NEURAL NETWORK MODELLING
Neural network architecture
Artificial neural networks (NNs) are a useful tool to reasonably predict performance of concrete if
many reliable test data are available as pointed out by Kaveh and Khalegi'®. A typical multi-layered
feed-forward NN without input delay is composed of an input layer, one or more hidden layers and
an output layer as shown in Fig. 5, where P indicates the input vector, IW and LW give the weight
matrices for input and hidden layers, respectively, b represents the bias vector, and n is the net

input passed to the transfer function f to produce the neuron’s output vector y. Back-propagation is
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generally known to be the most powerful and widely used for NN training®®. Weights and biases
are adjusted using a number of training inputs and the corresponding target values. The network
error is then back propagated from the output layer to the input layer to update the network weights
and biases. The adjusting process of neuron weights and biases is carried out until the network error
arrives at a specific level of accuracy.

To control overfittings in the training process, early stopping technique is generally recognized to
be one of the most effective methods®®. In this technique, the available data are divided into three
subsets; training, validation and test subsets. The training set is used for computing the gradient and
updating the network weights and biases to diminish the training error. When the error on the
validation set increases for a specified number of iterations, the training is stopped, and then the
network weights and biases at the minimum validation error are returned. The test set error is not
used during the training, but it is used for verification of the NNs and comparison of different
models.

The present tests showed that Na,O/SM ratio is one of the main parameter affecting the
compressive strength of GGBS-based mortars activated by sodium silicate and sodium hydroxide as
also concluded by Wang et al.®. However, the Na,O/SM ratio cannot reflect the effect of the molar
Si-to-Al ratio and calcium content in the source material on the mechanical strength of alkali-
activated paste. Yang et al.'* proposed an alkali quality coefficient Q, as an effective index to
evaluate the workability and compressive strength of AA mortars using sodium silicate and sodium

hydroxide powders:
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[ Na,O -AIZOS-CaOJ
Qu =

_\(si0, )’ A (by weight) )
Q, combines the concentration of the activator and main composition of source materials in
alkali-activated binder using sodium silicate and sodium hydroxide powders. Therefore, two NN,
namely Networks A and B, with different input neurons were built and compared. For neural
network A, six neurons representing the type of source material and alkaline activators, Blaine
fineness S, of source materials, Na;O/SM ratio, W /B ratio, and S/B ratio were identified in
the input layer as shown in Fig. 5 (a), whereas four neurons having Q,, S,, W/B ratio, and
S/B ratio were provided in the input layer of neural network B as shown in Fig. 5 (b). In addition,
for each network, two different NNs were built: one to determine the initial flow F. and the other

to estimate the 28-day compressive strength (fc ) of AA mortars.

28
Experimental Database

82 test results of AA mortars were compiled from current tests and Yang et al.***® and rearranged
according to the designed input variables. The number of FA-based and GGBS-based specimens in
the database is 6 and 24, respectively, for mortars activated by sodium silicate only, and 24 and 28,
respectively, for mortars activated by the combination of sodium silicate and sodium hydroxide
powders. To improve the performance of the developed NNs, the Blaine fineness S, of source
materials in input layer was normalized by a reference Blaine fineness S,, of 4000 cm?/g (620
in.%/qg).

Table 3 gives the range of input data in training, validation and test subsets used to develop the
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NNSs. Training, validation and test subsets had 50%, 25%, and 25% of all specimens in the database,
respectively. The input data in each subset were selected throughout the database so that the range
of input in the training subset would cover the entire distribution of database and input in the
validation subset would stand for all points in the training subset as shown in Table 3.

Building of Neural Network

The NN toolbox available in MATLAB Version 6.0*°, which can be conveniently implemented to
model large-scale problems, was used for building of the current NN model. In the hidden and
output layers of the developed NNs, tan-sigmoid and linear transform functions, respectively, were
employed for a training process. As upper and lower bounds of tan-sigmoid function output are +1
and -1, respectively, input and target in database were normalized using Eq. (3) below so that they

fall in the interval [-1, 1].

) — 2(p| _(p)min) -1 3
P = (o ®

where (p;), and p;= normalized and original values of data set, and (p),, and (p)., =
minimum and maximum values of the parameter under normalization, respectively. Also, after
training and simulation, outputs having the same units as the original database can be obtained by

rearranging Eqg. (3) as follows:

p, = [(pi )n +1][(p2)max _(p)min]+(p)min 4)

The number of hidden layers and neurons in each hidden layer has generally influence on the

overfittings and predictions in training and outputs of NNs. Hence, trial and error approach was
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carried out to find an adequate number of hidden layers and neurons in each hidden layer as given
in Table 4. In addition, NN performance is significantly dependent on initial conditions™ such as
initial weights and biases, back-propagation algorithms, and learning rate. In NNs presented in

Table 4, the following features were applied:

initial weights and biases were randomly assigned by MATLAB Version 6.0;

e resilient back-propagation algorithm was selected:;

e learning rate and momentum factor were assigned 0.4 and 0.2, respectively, and

e mean square error (MSE) was used to monitor the network performance, where MSE

N
= %Z(Ti — A Y, N = total number of training points, T, and A = target and actual outputs

i=1

of specimen i, respectively.
The training process was also stopped when one of the following conditions was satisfied:
¢ the performance was minimized to the required target (MSE < 0.0001); or
e the validation set error starts to rise for a number of iterations.
Statistical comparisons between outputs and targets for total points of database according to the
number of hidden layers and neurons in each hidden layer are presented in Table 4. Each statistical
value in Table 4 is the average of 30 different trials where different random initial weights and
biases are employed. Although the mean y, and standard deviation y, of the ratios between
experiments and predictions by different NN architectures were close to each other, 6x12x6x1 and

4x8x4x1 NNs of which are the most successful for networks A and B, respectively. In particular,
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the NNs with 4-layer do not show any overfitting during training. In addition, predictions obtained

from network B were in better agreement with test results compared with network A, indicating that
Q, can be employed as an important parameter for evaluating the properties of mortars activated
by sodium silicate and sodium hydroxide powders. Therefore, the 4x8x4x1 network B shown in

Fig. 5 (b) was finally selected to predict F, and (fc') of mortars activated by sodium silicate

28

and sodium hydroxide powders. It should be noted that the two selected 4x8x4x1 networks for the

prediction of F, and (fc') of AA mortars have different initial weight matrices and bias vectors.

28
NONLINEAR MULTIPLE REGRESSION ANALYSIS
Nonlinear multiple regression (NLMR) analysis of the database compiled above was also carried
out using SPSS software? to predict F. and (fc )28 of AA mortars, and the two parameters A
and B, required for Eqg. (1). In establishing the basic models, Q,, S,, W/B ratio and S/B
ratio were considered as the main variables influencing the properties of AA mortars, as concluded
from the NNs developed above. Each variable considered was combined and tuned repeatedly by
trial and error approach using SPSS software until a relatively higher correlation coefficient was
obtained. As pointed out by Wang et al.* and Pacheco-Torgal et al.?, flow and compressive strength
of AA mortars would much fluctuate even owing to periphery conditions such as curing
circumstance, chemical composition of source materials, and casting time. As a result, it was very

difficult to obtain a high correlation coefficient in NLMR process.
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F, and (f,), of AA mortars were normalized by a nominal initial flow F, and a nominal
compressive strength f,, respectively, to control the lower bound for the initial flow and to
improve the performance of the NLMR. The nominal values of F;, and f, were assumed to be
100 mm (3.94 in.), which corresponds to the bottom diameter of cone for flow test, and 10 MPa
(1450 psi), respectively. Based on NLMR analysis of the database, F /F,, and (fc')zsl f, of

mortars activated by sodium silicate and sodium hydroxide powders can be expressed as below;

i =6 QAO'O5 X (SA /SAO )0'3 X (1+ S/ B)0.5 -0.85 9
. 15 > -
i (W/B)
| 123
(fc)zs —148 QAX(SA/SAO+k1)0.3 .
co (W / B)

where k, =(S/B)™ for S/B<25 and (S/B)® for S/B>25.

In addition, the two parameters A, and B, of Eg. (1) to predict the compressive strength

development of GGBS-based AA mortars were predicted by NLMR analysis of the database as

follows:
W /By x (k)"
=0.39
A I: Q. ><(SA /'S o )0'1 )
ey <@k ) T 5
Bl‘“[ Q0 x(5,15,0)" ©

A, and B, obtained from Eqgs. (7) and (8) against W/B and S/B are presented in Fig. 4. The

prediction obtained for B, is closer to the experimental results than that for A, .

17



COMPARISONS WITH TEST RESULTS
Comparisons of test results and predictions obtained from the proposed simplified equations (5 to
8) and 4x8x4x1 networks are shown in Fig. 6: Fig. 6 (a) for F, and Fig. 6 (b) for (fc')zg. The
mean y, and standard deviation y. of ratios between measured and predicted F, are 1.0 and
0.15, respectively, for equations based on NLMR analysis and 0.99 and 0.05, respectively, for
4x8x4x1 NN. In addition, y, and y, of ratios between measured and predicted (fc')28 are 1.06
and 0.26, respectively, for equations and 1.0 and 0.24, respectively, for 4x8x4x1 NN. The

developed 4x8x4x1 NNs better predict the values of F, and (fc') of mortars activated by

28
sodium silicate and sodium hydroxide powders than the simplified equations developed from
NLMR analysis. However, predictions obtained from simplified equations also show good
agreement with test results.

Table 5 gives comparisons between measured and predicted compressive strengths using Eq. (1) at
different age of GGBS-based mortars activated by sodium silicate and sodium hydroxide powders.

Values of (fc') A, and B, required by Eq. (1) are obtained from Egs. (6) to (8). The proposed

281

equations well describe the compressive strength development of GGBS-based AA mortars

according to age, though they slightly overestimate the early strength.

CONCLUSIONS
Thirty six ground granulated blast-furnace slag (GGBS) and eighteen fly ash (FA) based mortars

activated by sodium silicate and sodium hydroxide powders were mixed and tested. The main
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variables investigated were Na,O-to-source material ratio, water-to-binder ratio, and fine

aggregate-to-binder ratio. Multi-layered feed-forward neural network models were built to evaluate

the initial flow and 28-day compressive strength of alkali-activated (AA) mortars. In addition,

simplified equations based on nonlinear multiple regression analysis were proposed and compared

with test results and neural network model developed. The following conclusions may be drawn

from the experimental and analytical investigations of this study:

1. The flow of AA mortars tested increased with the increase of water-to-binder ratio and

decrease of fine aggregate-to-binder ratio. When the fine aggregate-to-binder ratio was larger

than 2.5, the flow of AA mortars sharply decreased.

2. Much higher compressive strength developed in GGBS-based AA mortars than in FA-based

AA mortars that developed insignificant strength.

3. The 28-day compressive strength of GGBS-based mortars activated by the combination of

sodium silicate and sodium hydroxide was generally lower than that of GGBS-based mortars

activated by sodium silicate only for the same value of Na,O-to-source material ratio.

4. The 28-day compressive strength of AA mortars commonly decreased with the increase of

water-to-binder ratio. The decreasing rate was more prominent in AA mortars with Na,O-to-

source material ratio of 0.089 than 0.039.

5. The compressive strength of GGBS-based AA mortars increased with the increase of fine

aggregate-to-source material ratio up to a ratio of 2.5 beyond which it dramatically decreased,

regardless of Na,O-to-source material ratio.

19



6. The developed neural networks better predicted the initial flow and 28-day compressive

strength of mortars activated by sodium silicate and sodium hydroxide powders than the

proposed simplified equations. However, predictions obtained from simplified equations

showed good agreement with test results.

7. The compressive strength development of GGBS-based AA mortars was reasonably

evaluated by the formula specified in ACI 209 with the calibrated parameters obtained from

the current regression analysis, though their early strength was slightly overestimated.
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Table 1-Mixing details and result summary of AA mortars tested.

Source Activator .
_ . E f. (MPa)
Group | Mortar No. | material ) W/B S/B Na,O/SM Qa i

(SM) Type SiO,/Na,O (mm) 1 3 7 58 56 1
day” | days | days | days | days | days

1 0.3 0.038 0.0117 100.0 12.8 20.5 25.5 26.8 28.7 | 30.8
2 ' 30 0.089 0.0230 | 1000 | 37.9 | 47.7 | 629 | 701 | 713 | 72.7
3 04 ' 0.038 00117 | 1138 | 11.2 | 182 | 21.3 | 241 | 269 | 29.0
4 ' 0.089 0.0230 | 1110 | 333 | 395 | 486 | 60.7 | 62.7 | 64.1
5 0.0 0.0117 | 280.0 46 | 112 | 140 | 165 | 200 | 23.2
6 15 0.0117 | 261.0 49 | 117 | 145 | 172 | 209 | 235
7 2.0 0.038 0.0117 | 255.0 46 | 128 | 143 | 188 | 229 | 246
8 Sodium 2.5 ' 0.0117 | 235.0 52 | 142 | 147 | 2266 | 251 | 27.2
| 9 GGBS silicate + 0.75 3.0 0.0117 | 197.4 59 | 132 | 158 | 202 | 235 | 25.1
10 sodium 0.5 35 0.0117 130.5 5.9 12.1 | 157 | 185 | 234 | 25.1
11 hydroxide ' 0.0 0.0230 277.0 145 23.6 26.9 34.6 399 | 423
12 15 0.0230 | 2630 | 156 | 31.2 | 335 | 39.7 | 448 | 476
13 2.0 0,080 0.0230 | 2520 | 125 | 33.8 | 36.8 | 43.7 | 475 | 496
14 2.5 ) 0.0230 242.5 16.3 30.2 | 421 | 48.6 51.5 55.9
15 3.0 0.0230 180.0 16.4 29.2 35.0 | 43.7 50.6 52.8
16 35 0.0230 | 1245 | 182 | 26.4 | 288 | 36.7 | 436 | 475
17 06 30 0.038 0.0117 | 247.0 4.2 95 | 11.9 | 165 | 188 | 20.8
18 ' ' 0.089 0.0230 | 2330 | 141 | 185 | 224 | 280 | 33.7 | 36.8
19 03 0.038 0.0011 | 105.0 1.2 25 | 45 | 60 | 9.0 | 11.0
20 ' 30 0.089 0.0021 | 100.0 1.7 | 30 | 5.2 72 | 122 | 152
21 ) ' 0.038 0.0011 | 125.0 0.9 1.8 24 | 40 | 48 | 57
22 $|9d'“m 04 0.089 00021 | 1170 | 16 | 18 | 16 | 48 | 7.7 | 89
I 23 FA Sé "éa.te N 0.75 0.0 0.0011 | 3000 | - | 03 | 03 | 09 | 12 | 24
24 hygr(;iirge 15 00011 | 2770 | - | 03 | 03 | 11 | 14 | 24
25 0.5 2.0 0.038 0.0011 263.0 - 0.3 0.3 1.3 1.4 2.7
26 2.5 0.0011 | 2455 - 03 | 03 15 1.7 | 25
27 3.0 0.0011 | 210.0 - 1.0 1.3 1.7 1.8 1.8

* Q, indicates the alkali quality coefficient proposed by Yang et al’.
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Table 1 (continued) -Mixing details and result summary of AA mortars tested.

Source Activator .
_ . F f. (MPa)
Group | Mortar No. | material _ W/B | S/B | Na,O/SM Q.
Type SiO,/Na,O (mm) 1 3 7 78 56 o1
(SM)

day” | days | days | days | days | days

28 35 0.038 0.0011 | 1355 - 02 | 03 | 13 | 1.8 | 23
29 0.0 0.0021 | 300.0 - 02 | 06 | 12 | 29 | 30
30 . 15 0.0021 | 275.0 - 02 | 04 | 15 | 17 | 25
31 Sodium 0.5 2.0 0.0021 | 269.0 ~ 02 | 04 | 19 | 22 | 34
1 32 FA Sg'g"’}te * 0.75 25 0.089 00021 | 2460 | - | 02 | 05 | 22 | 25 | 38
33 hygrc;i:zle 3.0 0.0021 | 197.0 - 02 | 10 | 25 | 29 | 40
34 35 0.0021 | 1450 - 02 | 04 | 19 | 24 | 34
35 06 20 0.038 0.0011 | 260.0 - 01 | 03 | 06 | 09 | 12
36 ' ' 0.089 0.0021 | 250.0 - 02 | 07 | 12 | 18 | 25
37 03 0.038 0.0131 | 1000 | 151 | 21.7 | 250 | 285 | 306 | 345
38 ' 30 0.089 0.0245 | 1000 | 39.8 | 493 | 645 | 71.6 | 738 | 74.0
39 04 ' 0.038 00131 | 1225 | 11.9 | 199 | 218 | 262 | 314 | 332
40 ' 0.089 0.0245 | 1200 | 349 | 415 | 504 | 62.8 | 649 | 657
41 0.0 0.0131 | 2850 | 6.0 | 116 | 16.1 | 200 | 232 | 253
42 15 00131 | 2630 | 6.2 | 138 | 19.8 | 249 | 278 | 305
43 2.0 0.038 00131 | 2540 | 7.2 | 144 | 201 | 263 | 286 | 317
44 25 ' 00131 | 2370 | 71 | 151 | 221 | 283 | 305 | 335
" 45 GGBS Sodium 0.9 3.0 00131 | 1860 | 6.7 | 129 | 179 | 21.7 | 247 | 262
46 silicate ' 05 3.5 00131 | 1310 | 6.1 | 11.3 | 154 | 204 | 225 | 249
47 ' 0.0 0.0245 | 2800 | 14.1 | 304 | 425 | 509 | 549 | 57.9
48 15 0.0245 | 2620 | 17.3 | 331 | 440 | 555 | 58.8 | 60.3
49 2.0 0.089 0.0245 | 2500 | 186 | 354 | 46.0 | 59.3 | 61.8 | 633
50 25 ' 0.0245 | 2320 | 184 | 344 | 481 | 61.1 | 628 | 655
51 3.0 0.0245 | 1720 | 185 | 326 | 457 | 539 | 56.2 | 583
52 35 0.0245 | 1300 | 17.1 | 322 | 384 | 506 | 53.7 | 549
53 06 3.0 0.038 00131 | 2500 | 42 | 103 | 137 | 172 | 199 | 215
54 ' 3.0 0.089 0.0245 | 2475 | 144 | 230 | 30.8 | 37.9 | 435 | 455

# Testing compressive strength of FA-based AA mortars at age of one day failed as specimens were in plastic state.
* Q, indicates the alkali quality coefficient proposed by Yang et al®.

1 MPa = 145 psi; 1 mm = 0.039 in.
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Table 2 - Chemical composition of the selected source materials (% by mass).

Materials SiO, Al,O; Fe,0O4 CaO MgO K,O Na,O | TiO, SO; LOl*
FA 57.70 28.60 | 5.08 4.70 0.67 0.57 0.37 | 153 | 0.68 0.1
GGBS 34.70 13.80 0.11 | 44.60 4.38 0.48 - 0.74 | 0.95 | 0.24

* Loss on ignition.

Table 3-Range of input variables in the database used to generalize the neural network.

R Total data Training subset | Validation subset Test subset
Input variables i . - -
min max min max min max min max
FA 0.0227 | 0.164 | 0.0227 | 0.164 | 0.0379 | 0.139 | 0.0269 | 0.114
Na,0/SM GGBS | 0.0227 | 0.139 | 0.0227 | 0.139 | 0.0269 | 0.1138 | 0.0269 | 0.089
FA 0.0001 | 0.0056 | 0.0001 | 0.0056 | 0.0011 | 0.0054 | 0.0011 | 0.0054
Qa GGBS | 0.0103 | 0.0361 | 0.0103 | 0.0361 | 0.0117 | 0.0352 | 0.0117 | 0.0325
FA 0.847 0.847 0.847 0.847 0.847 0.847 0.847 0.847
Sa /(SA)O GGBS | 1.051 2.04 1.051 2.04 1.501 1.537 1.501 2.04
FA 0.3 0.6 0.3 0.6 0.4 0.6 0.4 0.6
wW/B GGBS 0.3 0.6 0.3 0.6 0.3 0.6 0.4 0.6
FA 0 35 0 35 0 3.0 15 3.0
/B GGBS 0 35 0 35 0 3.0 2.0 35

Note : * In the input layer of network A, FA and GGBS were identified as numerals 1 and 2, respectively,
and the use of sodium silicate only and the combination of sodium silicate and hydroxide silicate were
also identified as numerals 1 and 2, respectively.
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Table 4 -Comparison of outputs and targets for different network structures.

Standard Coefficient of
Mean () -
Network structures” deviation(,) determination (R*)
Fi (fc )28 I:i (fc )28 I:i (fcl )28
6x12x1 1.02 1.02 0.12 0.28 0.95 0.96
Network A 6x12x6%1 1.0 1.04 0.094 0.29 0.97 0.96
6x12x6%6%1 1.02 1.1 0.11 0.31 0.95 0.95
4x8x1 1.01 1.01 0.1 0.28 0.96 0.96
Network B 4x8x4x1 1.0 0.99 0.1 0.27 0.96 0.96
4x8x4x4x] 1.02 1.02 0.11 0.32 0.94 0.94

* The first and the last numbers indicate the numbers of neurons in input and output layers, respectively,

and the others refer to the number of neurons in hidden layers.

Table 5 —Statistical comparisons of predicted strength of GGBS-based AA mortars with age.

Statistical (f, )Exp_ /£,),.,
values 1 day 3 days 7 days 28 days 56 days 91 days
Vm 111 1.10 0.99 1.02 1.04 1.07
Vs 0.17 0.16 0.14 0.15 0.14 0.14
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Fig. 1 — XRD patterns of source materials used.
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Fig. 2 — Initial flow of AA mortars studied. (1 mm =0.039 in.)
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Fig. 3 — 28-day compressive strength of AA mortars studied. (1 MPa = 145 psi)
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Fig. 4 — Variation of parameters A, and B, for GGBS-based AA mortars.

(Solid and dotted lines refer to values obtained from the test results, and Egs. (7) and (8),

respectively)

32



y311=T

31

Yas /(IW35); 6 p,= Source material
identification;

p,= Na,O/SM; p,= Type of
alkali activator; p,= S,/(S,),
p;= W/B; p;=S/B
T=For(f')y

2,1)6,12

(a) 6x12x6x1 network

(|W2,1)1,1

y311:T

y2,4 (|W

3,2)1,4

P,= QA; p,=S,/(S)y;
p,= W/B; p,=S/B

(IW2,1)4,8 T=For (f'c)28

(b) 4x8x4x1 network

Fig. 5- Architecture of networks for AAS mortars.
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Fig. 6- Comparisons of predictions and experimental results. (1 mm =0.039 in.; 1 MPa = 145 psi)
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