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Abstract: Geopolymer recycled aggregate concrete (GRAC) was prepared by replacing cement with
geopolymer and natural aggregate with waste concrete. The effect of the water-glass module on
the mechanical properties of GRAC was studied. It was found that water-glass has a double-layer
structure. The low module water-glass leads to a thicker diffusion layer and more Na+ and OH−

in the solution, which activates more CaO, SiO2, and Al2O3 in the raw material, and improves the
strength of GRAC. Moreover, two kinds of gel structures, namely layered C-A-S-H (calcium silicate
hydrate) and networked N-A-S-H (zeolite), were found in the products of geopolymer. As the water-
glass module changed, the phase of zeolite changed significantly, whereas the calcium silicate hydrate
did not change, indicating that the decrease in the water-glass module contributes to the formation
of more N-A-S-H gel. The compressive strengths of GRAC with the sizes of 200, 150, and 100 mm3

were in line with Bazant’s size effect theoretical curve. Through the segmented fitting method, the
relationship of the size conversion coefficient of GRAC (α), the critical strength (f cr), the critical
dimension (Dcr), and the water-glass module (ε) were determined. It was found that ε = 1.5 is the
segmented point of the three equations. The elastic modulus and peak stress of GRAC are inversely
proportional to the water-glass module, and the peak strain is proportional to the water-glass module,
indicating that by reducing the water-glass module, the strength of GRAC can be improved, but the
brittleness is increased. The constitutive equation of GRAC with only the water-glass module as a
variable was also established. It was found that the polynomial mathematical model and rational
fraction mathematical model are optimal for the rising-stage and falling-stage, respectively, and
the relationship between the parameters of the rising-stage (a) and the falling-stage (b), and the
water-glass module, is given.

Keywords: geopolymer recycled aggregate concrete; water-glass modules; size effect; stress-strain
curve; constitutive equation

1. Introduction

The concept of the geopolymer was proposed by French materials scientist Joseph
Davidovits [1]. It is thought to be the ideal substitute for cement because its raw mate-
rials are mainly industrial by-products and residues, such as granulated blast furnace
slag [2,3], steel slag [4,5], fly ash [6–8], incinerated ash of municipal solid waste [9–11],
silica fume [12,13], and red mud [14–16]. The nature and properties of geopolymer have
been widely studied. Deventer found that ions having chemical activity in the raw ma-
terial, such as Si4+ and Al3+, can be dissolved in an alkaline environment. Monomers,
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such as [SiO4] and [AlO4], were generated in the solution and joined together, forming a
three-dimensional network structure. Provis [17] proposed that geopolymer can be divided
into two systems according to the different structures of its geopolymerization product,
which are the C-A-S-H system (containing CaO) and the N-A-S-H system (no or low con-
tained CaO). The common alkali-activators of geopolymer were sodium hydroxide [18,19],
potassium hydroxide [20], and water-glass [21]. Among these, sodium hydroxide plus a
water-glass solution was thought to be the best alkali activator for the mechanical property
of geopolymer, for which activation was higher than the others [22,23]. Current research
shows that the water-glass module is the critical factor that generates high strength [24,25].

Geopolymer recycled aggregate concrete (GRAC) was prepared by replacing cement
with geopolymer and natural aggregate with demolished concrete. GRAC does not con-
sume natural resources and also reuses industrial wastes, including waste concrete. It is a
new type of green building material. Compared with the compressive behavior of geopoly-
mer recycled concrete and cement recycled concrete, Zhang found [26] that geopolymer
recycled concrete possesses higher compressive strength than cement recycled concrete un-
der the same experimental conditions, due to the strengthening effect of fresh geopolymer
binding material. Moreover, a modified method for predicting the compressive strength
of geopolymer recycled concrete cubic and cylindrical specimens was proposed. Avinash
Ojha [27] focused on the impact of recycled aggregates on mechanical properties of fly
ash-based geopolymer concrete and found that the compressive strength and splitting
strength of geopolymer recycled aggregate concrete are well within the permissible range.
When studying the effects of recycled aggregates in geopolymer pervious concrete, Anandh
Babu Malayali [28] found the mechanical and durability properties were reduced due to the
incorporation of recycled concrete in geopolymer concrete; at the same time, the reduction
always lies within the acceptable ranges of the Indian standards. P. Saravanakumar [29]
studied the engineering and durability properties of fly ash-based geopolymer recycled
aggregate concrete; the results indicated that GRAC has a longer set time than ordinary
recycled aggregate concrete, and exhibits better strength and durability performance than
ordinary recycled aggregate concrete. This was explained by micro-structure analysis,
which showed that the geopolymerization products of geopolymer filled the void space in
the binding material. However, the research of alkali activators on GRAC has been rarely
reported, particularly regarding the effect of water-glass modules on the geopolymerization
product of GRAC and the relationship between the various mechanical properties of GRAC
and different water-glass modules. Therefore, in this paper, diverse properties, such as
compressive strength, size effect, peak strain, peak stress, elastic modulus, and stress–strain
behavior of GRAC, on the water-glass module were studied. Its constitutive equation was
also established, thus providing the theoretical basis and data support for the engineering
application of GRAC.

2. Materials and Methods
2.1. Materials

Blast furnace slag (BFS) from Angang, China, and fly ash from Benxi, China, were
used in this study; their chemical composition is detailed in Table 1. Their specific sur-
face area measured by N2 sorption using the Brunauer–Emmett–Teller (BET) method are
427 and 2478 m2/kg, respectively. Water-glass with a module of 3.3, Baume degree of 40,
and composition of 7.9% Na2O, 26.2% SiO2, and 66% H2O by mass were supplied by
Shikoku Chemical Corporation. Sodium hydroxide was used as laboratory reagents, includ-
ing 98% pure NaOH pellets supplied by Techcomp Chemical Reagent Co. Ltd. Water-glass
modules have SiO2/Na2O mole ratios. The original ratio of water-glass modules when it
purchased was 3.3. The water-glass module can be adjusted by altering NaOH particles in
water-glass solution; for 1 g water-glass, the quantities of added NaOH (x) and water-glass
modules (y) conform to Equation (1). Seven different modules of water-glass were prepared
according to Equation (1), which are 0.6, 0.9, 1.2, 1.5, 1.8, 2.1, and 2.4.
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Table 1. Chemical composition of slag and fly ash.

CaO4
(wt.%)

SiO2
(wt.%)

Al2O3
(wt.%)

Fe2O3
(wt.%)

MgO
(wt.%)

Na2O
(wt.%)

K2O
(wt.%)

Ignition Loss
(wt.%)

Slag 43.10 32.26 14.69 2.06 6.19 - - 0.97
Fly ash 5.51 48.54 28.35 6.37 2.42 3.01 3.90 0.96

y =
26.1/60

7.96/62 + x/80
(1)

Natural river sand was used as fine aggregates, fineness modules 2.7, mud content <2%,
apparent density 2615 kg·m−3. Recycled concrete from the structural laboratory of Shenyang
Jianzhu University, original strength grade C40, was used as coarse aggregate (recycled
aggregate). The recycled aggregate was crushed by a manual and jaw crusher, cleaned, and
sieved, with a maximum particle size 25 mm, and conforming to GB/T 25177-2010 [30]
and Pebble and GB/T 14685-2011 [31]. The properties of recycled aggregate are shown in
Table 2. Figure 1 shows the grading curves of aggregates.

Table 2. Properties of the recycled aggregate.

Particle Size
(mm)

Bulk Density
(kg·m−3)

Apparent Density
(kg·m−3)

Water Absorption
(%)

Crushing Index
(%)

5~31.5 1180 2560 8.75 14.20

Figure 1. Grading curves of aggregates: (a) natural river sand; (b) recycled concrete aggregate.

2.2. Mixture Proportion and Preparation Process

Mix proportion: This research mainly focused on the influence of the water-glass
module on the mechanical properties of GRAC, so the water-glass module was selected
as the test variable, and other test parameters were constant. The optimum values for the
other test parameters were adopted from the preliminary research [32], of which the sand
coarse aggregate ratio was 0.38, the liquid-to-binder ratio was 0.4, water-glass accounted
for 30% of the total mass of the liquid, and slag accounted for 70% of the total mass of
the cementitious material. The mixed proportion of GRAC with the different water-glass
modules are shown in Table 3.
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Table 3. Mix proportion of the test specimens.

No. Water-Glass
Module

Slag
(kg·m−3)

Fly Ash
(kg·m−3)

Water-Glass
(kg·m−3)

Water
(kg·m−3)

Sand
(kg·m−3)

Recycled
Aggregate
(kg·m−3)

WG06 0.6 315 135 54 126 681 1075
WG09 0.9 315 135 54 126 681 1075
WG12 1.2 315 135 54 126 681 1075
WG15 1.5 315 135 54 126 681 1075
WG18 1.8 315 135 54 126 681 1075
WG21 2.1 315 135 54 126 681 1075
WG24 2.4 315 135 54 126 681 1075

Preparation method: First, the water-glass was adjusted by adding NaOH particles
according to Equation (1). It was required that the water-glass solution that was adjusted
was stood for 20 min because it released heat when the NaOH particles dissolved in the
water-glass solution. During these 20 min, the solution was continually stirred to ensure
the NaOH particles were dissolved completely. As the water-glass solution cooled, slag, fly
ash, and sand were poured into a concrete mixing pot and slowly stirred for 2 min to make
it evenly mixed. Then, water was poured into the mixing pot and stirred for 5 min to make
the full material pre-wet. The water-glass solution, which was already cooled, was slowly
added to the mixture and quickly stirred for 3 min to obtain the geopolymer mortar slurry.
Finally, the recycled aggregate was poured into the geopolymer mortar slurry, and the
mixing operation was slowly stirred for 2 min and quickly stirred for 3 min; then the fresh
GRAC mixture was prepared. The fresh GRAC mixture was quickly placed into a mold and
vibrated for 60 s on a vibrating machine. Plastic wrap was used to seal the surface of the
GRAC mixture, by which water was kept inside the GRAC mixture. Finally, GRAC mixture
with its mold was moved into a standard curing room, of which the relative temperature
was 20 ± 2 ◦C and the relative humidity was 95%.

2.3. Test Method

Compressive strength: Compressive strength of GRAC at 3, 7, and 28 d were tested;
six samples were tested for each age, the final value was the average value.

• 150 mm3 cube molds were used.
• For each mix proportion, nine samples were prepared.
• One hundred twenty-six samples were prepared (7 water-glass modules, 18 samples

for each).

Size effect: Compressive strength at 28 d was measured; the final value was the average
value for the six samples.

• Three different size molds were used (100, 150, and 200 mm3).
• For each mixed proportion, six samples were prepared.
• Ninety samples all together were prepared (5 water-glass modules, six samples

for each).

Stress–strain curve: The stress–strain curve was obtained by averaging the three
individual stress–strain curves when the curing age was 28 d and the loading speed was
0.01mm/min.

• A prism mold with the size 150 mm × 150 mm × 300 mm was used in this test.
• For each mix proportion, three samples were made.

Micro characterization:

• The morphology and microstructure of GRAC were observed with Scanning Electron
Microscopy (SEM, S-4800, Hitachi, Japan).

• The chemical element composition and distribution of GRAC was analyzed with an
Energy Spectrometer (EDS, X-Max N, Horiba, Japan).



Crystals 2022, 12, 218 5 of 19

• X-ray diffraction analysis was performed by an X-ray diffractometer (XRD,7000, Shi-
madzu, Japan) to analyze the composition and structure of geopolymerization products.

3. Results
3.1. Water-Glass Structure and Its Influence on Compressive Strength of GRAC

Water-glass is a kind of silicate gel that can dissolve in water. Its internal structure
is are described in [33]: the core is an amorphous spherical silica glue-ball (mSiO2), and
there are a large number of silicate anions such as H2SiO4

2− and H3SiO4
− adsorbed on its

surface. The outer layer is called the dense layer, in which there is a mass of sodium (zNa+).
The outermost layer is called the diffusion layer, and hydroxyl ions ((y-z)OH−) occupy this
layer. The double-layer structure of water-glass is shown in Figure 2.

Figure 2. Double electron layer structure of water-glass. An amorphous spherical silica glue-ball
(mSiO2) is in the center, and OH− and Na+ are in the diffusion layer and the outer of the dense layer,
respectively. Water-glass has a high pH value and sodium concentration.

It was found that the loss of water can cause the hardening of the water-glass solu-
tion [34]. This is because as the water content decreases, the thickness of the diffusion
layer is thinner, and the concentration of OH− is lowered. Therefore, to achieve electrical
charge balance, Na+ in the dense layer is compressed onto the silica cores’ surface and
reacts with the silicate anions. The changes in structure and electrovalence of the silica cores
lead to an unstable state of water-glass solution; the colloidal particles in the solution lose
their stability and condense to a gel state [34]. During the mixing process of GRAC, water
was quickly absorbed by the powder materials (slag and fly ash) and recycled aggregates
(mainly the old cement mortar phase), which led the water-glass to first solidify, forming a
gelatinous siliceous and aluminiferous framework, which is also called the precursor [35].
Furthermore, slag and fly ash were activated in the alkaline solution and released abun-
dant monomers, such as [SiO4] and [AlO4]; these monomers were very quickly combined
with the precursors. As the reaction continued, the frameworks grew gradually and were
connected. Finally, a complete three-dimensional network framework was formed. It can
be deduced that the mechanical properties of GRAC are directly affected by the quantities
and qualities of precursors formed in the water-glass solution.

The influence of the water-glass module on the compressive strength of GRAC is
shown in Figure 3. It can be seen that the compressive strength of GRAC is inversely
proportional to the water-glass module in the range of 0.9 to 2.1.



Crystals 2022, 12, 218 6 of 19

Figure 3. Compressive strength effect of the water-glass module on GRAC. The compressive strength
is inversely proportional to the module of water-glass (0.9–2.1).

The change in the water-glass module is essentially a change in the electric double-
layer structure in the water-glass [33]. As can be seen from Equation (1), NaOH content is
proportional to the water-glass module; that is, as NaOH content is high, the water-glass
module is low, and the diffusion layer is thick. Therefore, there are more dissociative
Na+ and OH− in the solution. According to Purdon’s “alkali activation” theory [36] and
Davidovits’s “depolymerization-condensation” theory [37], Ca, Si, and Al ions in the raw
materials can be activated by OH− and Na+ in an alkaline environment, among which
Si ions and Al ions form [SiO4] monomers and [AlO4] monomers, that is, the depolymer-
ization stage. As the concentration of the monomers reaches saturation, these monomers
agglomerate together and converge on the precursor, forming geopolymerization products,
that is, the condensation stage. Ca ions also react with free Si ions forming the hydrated
calcium silicate gel. According to Provis’s research, geopolymer can be divided into two
branches, shown in Figure 4: one is the zeolite structure modified by ionic substitutions
wholly or largely composed of silicon and aluminum with a three-dimensional network
structure (N-A-S-H, Figure 4a); the other is a layered calcium silicate hydrate structure
modified in composition and crystal structure by ionic substitutions mainly formed by
calcium and silicon (C-A-S-H, Figure 4b) [38]. It also can be seen from Figure 3 that, as the
water-glass module is too high (n = 2.4), the electric double-layer structure of water-glass
is very thin, and there is not enough Na+ and OH− to activate the mineral raw materials;
thus, it does not condense and has no strength. However, as the water-glass module is very
low (n = 0.6), the condensation reaction occurs in advance, flashing occurs, the strength is
extremely low, and there is GRAC lacks strength. When the water-glass module is gradually
reduced from 2.1 to 0.9, the compressive strength of the GRAC gradually increases. This is
because, as the water-glass module decreases, the concentration of hydroxide and sodium
ions in the system gradually increases. As a result, more Ca, Si, and Al ions are activated in
the system, generating more N-A-S-H and C-A-S-H gel, leading to compact and complete
geopolymerization products. Thus, the strength of GRAC gradually increases.

Figure 4. Two main geopolymerization products of geopolymer: (a) theoretical model of N-A-S-H
gel; (b) theoretical model of C-A-S-H gel.
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Figure 5 presents the XRD patterns of geopolymer cementing materials with different
water-glass modules (0.9, 1.2, 1.5, 1.8, and 2.1). The main geopolymerization products
are Ca5(Si6O16)(OH)2 (calcium silicate hydrate) and (Ca, Na)Al2Si2.5O9 6.4H2O (calcium
zeolite). Mullite and quartz are from the raw material. This indicates there are two
products that differ in the structure that existed in geopolymer, thus matching Provis’
theory. Incorporating Provis’s theory, calcium silicate hydrate and zeolite are considered
as a layered structure (C-A-S-H) and a network structure (N-A-S-H). As the water-glass
module changes, the phase of zeolite in the geopolymer changes significantly, whereas the
calcium silicate hydrate does not change, indicating that the strength of the geopolymer
mainly depends on the N-A-S-H gel phase as the water-glass module changes. Moreover,
the N-A-S-H gel content increases with the decrease in the water-glass modules. The higher
the N-A-S-H gel content, the more complete the geopolymer network structure and the
higher the overall strength of geopolymer.

Figure 5. XRD patterns of geopolymer on different water-glass modules [calcium silicate hydrate
(Tobermorite 9A, PDF card number: 89-6458), calcium zeolite (Zeolite X(Ca), PDF card number:
38-0232), mullite (Mullite syn, PDF card number: 74-2419), SiO2 (Quartz, PDF card number: 75-1555)].

Figure 6 shows the SEM images of GRAC when the water-glass modules are 2.1, 1.5,
and 0.9, respectively. It can be seen from Figure 6a (n = 2.4) that there are a large number of
unreacted or partially reacted spherical fly ash particles and blocky slag particles, and only
a small amount of geopolymerization products. The overall structure is loose and porous.
The diffusion layer of water-glass is very thin under a high module. As a result, the content
of free Na+ and OH− is low, which can only activate a small quantity of Ca2+, Si4+, and Al3+

on the surface of mineral raw materials. Therefore, the few geopolymerization products
formed by the condensation stage result in the binding material of GRAC having a loose
structure and a low mechanical strength.

Figure 6. SEM micrographs of different water-glass modules of GRAC: (a) n = 2.4; (b) n = 1.5;
(c) n = 0.9; (d) enlarged image of point A (N-A-S-H gel); (e) enlarged image of point B (C-A-S-H gel);
(f) EDS analysis of point A and point B.
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When the water-glass module is 1.5, as shown in Figure 6b, it was found that the raw
materials that did not participate in the reaction are greatly reduced, forming a relatively
dense geopolymer geopolymerization product phase. Furthermore, a network structure
is formed on the surface of the fly ash particles (detail view in the red box in Figure 6b).
This indicates that more raw materials are decomposed and form geopolymer geopolymer-
ization products due to the increase in the electric double-layer structure of water-glass,
which strengthens the mechanical properties of GRAC.

With the reduction in the water-glass module to 0.9, shown in Figure 6c, it can be seen
that there are no unreacted or partially reacted raw material particles on the surface of
GRAC. Instead, the entire surface is filled with geopolymer geopolymerization products,
and the porosity is significantly reduced. As a result, GRAC has high compressive strength.
It is worth noting that not all geopolymers have the same morphology; there are two
kinds of gels that differ in morphology and structure observed in Figure 6c, such as at
points A and B. The enlarged detailed SEM pictures of points A and B are shown in
Figure 6d,e; Figure 6f is the energy dispersive spectroscopy (EDS) analysis of point A
and point B. Through EDS analysis (Figure 6f), point A is composed of Si, Al, O, and Na
elements, and point B is Ca, Si, Al, O, and Na. That shows the geopolymerization product
at point A is different from that at point B in chemical composition: the geopolymerization
product at point A contains the Ca element, whereas point B does not. In Figure 6d (point A,
magnification is 200,000 times), it is shown that the geopolymerization product is a network-
like structure, which is similar to Provis’s N-A-S-H structure (Figure 4a). The structure of
the geopolymerization product in point B (Figure 6e, magnification is 100,000 times) is very
dense and completely different from that of point A. Combining EDS and XRD analysis, a
layered calcium silicate hydrate structure is modified in composition by ionic substitutions
mainly formed by calcium and silicon, which is consistent with Provis’s C-A-S-H structure
(Figure 4b). Therefore, it can be concluded that there are different gel structures in the
geopolymer geopolymerization product, i.e., layered C-A-S-H gel containing calcium and
network-like N-A-S-H gel containing no calcium; the two gels intertwine with each other
and contribute to the mechanical property of GRAC together.

3.2. Influence of Water-Glass Modules on Compressive Strength Standard Deviation

The binding material and the coarse aggregate of the GRAC are industrial waste
and waste concrete, and their performance is not as stable as that of cement and natural
aggregate, which leads to an increase in the discreteness of the strength of the GRAC. The
compressive strength standard deviation (σ) from different sizes and water-glass modules
of GRAC is shown in Figure 7.

Figure 7. Compressive strength standard deviation for different water-glass modules and sizes.

According to the current Chinese national standard “Concrete Strength Inspection and
Evaluation Standard” GB/T 50107-2010 [39], for concrete with a strength level of C20 or
higher, σ ≤ 3.5 is excellent, 3.5 ≤ σ ≤ 5 is general, and σ > 5 is poor; for concrete with a
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strength class below C20, σ ≤ 3 is excellent, 3 ≤ σ ≤ 4 is general, and σ > 5 is poor. The
compressive strength standard deviation of GRAC gradually increases with the decreasing
water-glass modules, as shown in Figure 7. When the water-glass module is 0.9 to 1.5,
the compressive strength of GRAC is greater than 20 MPa. In this range, the σ of the
200 mm3 specimen is far less than 3.5. σ of the 150 mm3 specimen is slightly less than
3.5, and the average value is 3.2; σ of the 100 mm3 specimen is in the range of 4–5. This
means that the larger the size, the smaller the compressive strength standard deviation of
GRAC; furthermore, the compressive strength standard deviation of GRAC is excellent
only when the side length of the cube specimen is not less than 200 mm3. When the size is
150 mm3, the compressive strength standard deviation is general, and it still can be used;
when the size is 100 mm3 or below, GRAC cannot be used in actual projects due to its poor
compressive strength standard deviation. When the water-glass module is in the range of
1.2 to 2.4, the compressive strength standard deviation gradually decreases. There is no
data set containing values greater than 5, indicating that within this strength range, GRAC
can be used.

3.3. Influence of Water-Glass Modules on Size Conversion Factor of GRAC

The influence of the water-glass module on the compressive strength of GRAC with
different sizes (100, 150, and 200 mm3) is shown in Figure 8. The general rule is that the
cube size is inversely proportional to compressive strength, which is f cu,100 > f cu,150 > f cu,200
(where f cu,100, f cu,150, f cu,200 represent the compressive strength values of cube specimens
with the sizes of 100, 150, and 200 mm3 respectively). The average strength of cube
specimens with dimensions of 150 and 200 mm3 is 12.7% and 18.2% lower, respectively,
than that of 100 mm3 cube specimens. This may be attributed to the selected recycled
aggregates having original cracks during the breaking processing. Hence, larger specimens
require more recycled aggregates, and there are more original cracks inside, resulting in
reduced compressive strength [40].

Figure 8. Compressive strength of GRAC for different sizes.

According to the current Chinese national standard “Standard for Test Methods for
Mechanical Properties of Ordinary Concrete” GB/T 50081-2002, the standard specimen
refers to a cube specimen with the size of 150 mm3, and the size conversion factor (α) of
other non-standard specimens is as shown in Equations (2) and (3):

α100 = fcu,150/ fcu,100 (2)

α200 = fcu,150/ fcu,200 (3)

The influence of the water-glass module on the size conversion factor of GRAC is
given in Figure 9. GB/T 50081 stipulates the size conversion factor of a 200 mm cube
specimen is 1.05, and the size conversion factor of a 100 mm cube is 0.95 for ordinary
Portland cement concrete (OPCC), as shown by the horizontal dashed line in Figure 9.
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There are no data for GRAC between 0.95 and 1.05, which indicates that the OPCC standard
does not apply to the size conversion factor of GRAC. This is attributed to the fact that
the nature of geopolymer is different from that of cement, and the properties of recycled
aggregate are also different from those of the natural aggregate. It also can be seen from
Figure 9 that when the water-glass module is in the range of 0.9–1.5, the size conversion
factors change relatively smoothly. On the contrary, they change drastically in the range of
1.5–2.1. Therefore, in this research, the segmentation method was adopted to calculate the
size conversion factor of GRAC. The segment point selects the water-glass module = 1.5.
The water glass modules (ε) and the size conversion coefficient (α) are linearly fitted, and
the result is:

Figure 9. Size conversion factor for water-glass module.

0.6 ≤ ε < 1.5, α200 = 0.79063 + 0.23305 × ε (R2 = 0.9564), α100 = 1.0293 + 0.0737 × ε
(R2 = 0.8886);

1.5 ≤ ε < 2.4, α200 = 0.845−0.0833 × ε (R2 = 0.9740), α100 = 1.22951 − 0.19296 × ε
(R2 = 0.9699).

3.4. Bazant Size Effect Fitting for GRAC

GRAC is a typical quasi-brittle material. The strain energy released by crack prop-
agation under load leads to the size effect. According to Bazant’s size effect theory [41],
the relationship between the nominal compressive strength (f N) and size (D) for concrete
materials is shown in Equation (4):

fN = f∞(1 +
Db
D

) (4)

where f ∞ is the nominal compressive strength with infinite dimensions, Db is the effective
thickness of boundary layer cracking. Equation (5) is the expanded form of Equation (4),
shown as:

fN = f∞ + f∞ × 1
D

× Db (5)

Let X = 1/D, Y = f N, C = f ∞, A = f ∞ × Db. Then, Equation (5) becomes a linear
equation as shown in Equation (6):

Y = AX + C (6)

The X and Y values can be directly calculated from the compressive strength test value
and sample size; values of A and C are deduced by Equation (6), where A is the slope
and C is the intercept. Therefore, the theoretical formula parameters of the size effect are
obtained, as shown in Table 4.
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Table 4. Factors of size effect theory.

Water-Glass Module 0.9 1.2 1.5 1.8 2.1

slope (A) 24.396 19.115 12.841 6.655 5.069
intercept (C) 899.571 765.000 680.571 988.285 928.714

determination
coefficient (R2) 0.9546 0.995 0.9973 0.9994 0.9964

Figure 10 shows the relationship between the measured strength values of GRAC
of various sizes and the Bazant’s size effect theoretical curve. It can be seen that, under
different water glass module conditions, the measured values of compressive strength of
GRAC are all on the theoretical curve, indicating the compressive strength of GRAC can be
calculated by Bazant’s size effect theory.

Figure 10. Comparison diagram of measured strength and Bazant’s theoretical strength.

3.5. Critical Size and Critical Strength

Equation (4) is non-dimensionalized, as shown in Equation (7). Then, the test data of
compressive strength of GRAC on different sizes and water-glass modules are brought into
Equation (7) for mathematical regression analysis. The undetermined correlation coefficient
of Equation (7) is derived, shown in Equation (8). The dimensionless relationship between
the water-glass module and Bazant’s size effect theoretical curve is shown in Figure 11.

fN

f150
=

f∞

f150
(1 +

b
D
) (7)

where f 150 is the measured compressive strength of GRAC when the size is 150 mm3, and b
is the undetermined coefficient of the equation.

fN

f150
= 0.61454 × (1 +

92.1185
D

) R2 = 0.9759 (8)

Figure 11. Comparison diagram of dimensionless strength and Bazant’s theoretical strength.
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It can be seen from Figure 11 that when the specimen size is 100 mm3, as the water-
glass module is greater than 1.5 (1.8 and 2.1), the size effect positively deviates from the
theoretical curve; as the water-glass module is less than 1.5 (0.9 and 1.2), the size effect
deviates negatively from the theoretical curve. When the specimen size is 200 mm3, the
deviation in the test data is opposite to that of 100 mm3. From the above analysis, it can
be seen that the water-glass module of 1.5 is the demarcation point for the change in the
size effect of GRAC. Therefore, a piece-wise function was proposed to fit the relationship
between the water-glass module (ε) and f ∞/f 150 and Db. Figure 11 shows the relationship
between the water-glass module and f ∞/f 150 and Db. Equations (9)–(12) are the fitting
equations.

As 0.9 ≤ ε < 1.5,

f∞

f150
= 0.90269 − 0.16721 × ε R2 = 0.9624 (9)

Db = 8.6967 + 29.519 × ε R2 = 0.9731 (10)

As 1.5 < ε ≤ 2.1,

f∞

f150
= 1.63077 − 0.5927 × ε R2 = 0.9741 (11)

Db = −687.442 + 493.031 × ε R2 = 0.7998 (12)

According to the analysis of Equations (9)–(12) and Figure 12, the piece-wise function
proposed for the relationship between the water-glass module and f ∞/f 150 and Db has
high applicability. Therefore, putting Equations (9)–(12) into Equation (7) respectively, the
GRAC compressive strength prediction equation considering the coupling of size effect
and water-glass modules can be obtained, shown in Equations (13) and (14).

Figure 12. Effect of the water glass module on f ∞/f 150 and Db. The vertical black dotted line is when
the water glass module is 1.5.

0.9 ≤ ε < 1.5
Db = 8.6967 + 29.519 × ε R2 = 0.9731 (13)

1.5 < ε ≤ 2.1

fN

f150
= (1.63077 − 0.5927 × ε)× (1 +

493.031 × ε − 687.442
D

) R2 = 0.9731 (14)

3.6. Critical Size and Critical Strength

According to Equations (13) and (14), the critical strength (f cr) of GRAC under dif-
ferent water-glass modules when the size is infinitely large can be calculated; the data are:
f cr(ε = 0.9) = 23.16 MPa, f cr(ε = 1.2) = 17.07 MPa, f cr(ε = 1.5) = 11.28 MPa, f cr(ε = 1.8) = 7.45 MPa,
f cr(ε = 2.1) = 4.39 MPa. Considering the applicable scope of the engineering size effect,
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when the compressive strength is within 5% of the characteristic value of the critical di-
mension, the size of GRAC corresponding to the compressive strength can be considered
as the critical dimension (Dcr). The critical size of GRAC under different water-glass
modules are: Dcr(ε = 0.9) = 705 mm, Dcr(ε = 1.2) = 882 mm, Dcr(ε = 1.5) = 1059 mm,
Dcr(ε = 1.8) = 4000 mm, Dcr(ε = 2.1) = 6958 mm. The relationship between the water-glass
module and the critical size and critical strength of GRAC is shown in Figure 13. The
prediction equations proposed by Equations (13) and (14) can be used to effectively deduce
the critical strength and critical size of GRAC under different water-glass modules. It also
has a wider range of applicability, which is mainly reflected in two aspects: A. The equa-
tions are highly adaptable for considering the combined effect of the amount of recycled
aggregate and the coupling effect of the size effect. B. The non-dimensional method has
a certain reference significance for predicting the GRAC compressive strength of other
strength grades and water-glass modules.

Figure 13. Effect of water glass module on critical strength and critical size.

3.7. Stress–Strain Curves of GRAC

Figure 14 presents stress–strain curves of GRAC on the different water-glass modules.
It can be observed that the five stress–strain curves are all similar to a straight line when the
stress is lower than 30% of the peak stress, indicating that, in this stage, the internal stress
of GRAC is relatively low, and fails to cause the generation and expansion of cracks. This
stage is the elastic stage of GRAC, in which the slope of the stress–strain curve is inversely
proportional to the water-glass module. This can be explained because the decrease in the
water-glass module increases the density of the structure of GRAC (shown and analyzed
in Figure 6). As the density of GRAC increases, the absorbed energy increases, the elastic
modulus increases, and the ductility of the material increases. When the stress is 30–80%
of the peak stress, it reaches the elastic-plastic stage, plastic deformation begins to occur,
cracks appear on the surface, and the cracks grow rapidly with the increase in stress. In
this stage, the slope of the stress–strain curve of GRAC begins to decrease.

Figure 14. Stress–strain curves of GRAC on different water-glass module.
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Moreover, as the water-glass module decreases, the decreasing slope rate gradually
decreases, which shows that the decrease in the water-glass module can effectively slow the
plastic deformation inside GRAC. When stress reaches 80–100% of the peak stress, it is the
pure plastic stage, and the slope of the stress–strain curve further decreases. In this stage,
stress–strain curves begin to drop, and the slopes become a negative number. As shown
in Figure 14, as the water-glass module decreases, the peak stress of GRAC gradually
increases, and the decrease in its slope is also proportional to the water-glass module. This
shows that reducing the water-glass module can increase the maximum stress of GRAC and
reduce plastic deformation. After the stress develops to the peak point, GRAC undergoes
brittle failure, which indicates the falling stage of the stress–strain curve. The curves of
the falling stage are steep at first and then gentle, and with different specific shapes under
different water-glass modules, they have large dispersion and no obvious regularity.

Figure 15 shows the influence of the water-glass module on the elastic modulus, peak
stress, and corresponding peak strain of GRAC. The secant modulus from the origin of the
rising stage of the stress–strain curve to the 30% peak stress point is the elastic modulus
of GRAC; as the water-glass module is reduced from 2.1 to 0.9, the elastic modulus of
GRAC increases by 28%. This is because the increase in the water-glass module reduces
the porosity inside the geopolymer cementitious material, forming a denser structure and
increasing the rigidity of GRAC, in turn enhancing the elastic modulus. In the elastic stage,
the ability of GRAC to resist deformation is directly proportional to its elastic modules
and inversely proportional to the water-glass module. It also can be seen from Figure 14
that the peak stress and peak strain of GRAC is inversely proportional and proportional
to the water-glass module, respectively. Compared with the water-glass module = 2.1, as
the water-glass module is reduced to 0.9, the peak stress of GRAC increases by 1.38 times,
and the peak strain decreases by 26%. From the analysis of compressive strength of
GRAC, it is known that the content of Na+ and OH− in the system increases with the
decrease in the water-glass module, and the free silicon-oxygen tetrahedral monomers
[SiO4] and aluminum-oxygen tetrahedron monomers [AlO4] are also increased. As a result,
the structure formed by the geopolymer cementing material is complete, the compressive
strength of GRAC is also higher, the deformation capacity is improved, the peak stress is
increased, and the peak strain is reduced.

Figure 15. Elastic modulus, peak stress, and peak strain of GRAC on different water-glass modules.
The green line is the elastic modulus; the red line is peak stress; the blue line is peak strain.

3.8. Establishment of Constitutive Equation of GRAC

Figure 16 shows the geometric characteristics of the normalized stress–strain curve
of GRAC under uniaxial compression. Table 5 shows the boundary conditions of the
geometric characteristics. The piece-wise polynomial mathematical model and the rational
fraction mathematical model are used to fit the normalized stress–strain curve of GRAC.
The specific model is shown in Table 6.
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Figure 16. Geometric characteristics of the normalized stress–strain full curve of GRAC under
uniaxial compression.

Table 5. Boundary conditions.

No. Position Boundary Condition

1 Original point x = 0, y = 0
2 rising stage 0 < x < 1, dy/dx > 0
3 Peak point x = 1, y = 1, and dy/dx = 0
4 falling stage x > 1, dy/dx < 0
5 Whole curve x ≥ 0, 0 ≤ y ≤ 1

Table 6. Stress–strain full curve mathematical model.

Functional Form 0 ≤ x ≤ 1 x ≥ 1

Polynomial y = a0 + a1x + a4x4 + a5x5 y = b1x + b2x−1 + b3x−2

Rational fraction y = a1x+a2
x2+a3x+a4

y = x
b1x2+b2x+b3

Figure 17 presents the fitting results of the normalized stress–strain curve of GRAC
using different mathematical models. Figure 18 shows the determination coefficients (R2)
obtained using two mathematical models to fit the test data. R2 for both models is close to 1.
In the falling stage, R2 for the polynomial model is 0.9763 and is 0.9647 for the rational
model; in the falling stage, R2 are 0.8256 and 0.8561 for polynomial and rational models,
respectively. Therefore, it is reasonable to fit the stress–strain curve of GRAC using the
polynomial mathematical model in the rising stage and the rational fraction mathematical
model for the falling stage, which is shown in Equation (15).

y =

{
ax + (5 − 4a)x4 + (3a − 4)x5 0 ≤ x ≤ 1

x
b(x−1)2+x

x ≥ 1 (15)

where x is the abscissa variable ε/εpr and y is the ordinate variable σ/f pr, εpr is the peak
compressive strain, and f pr is the axial compressive strength.

Figure 17. Normalized stress–strain fitting curve of GRAC: (a) polynomial fitting results of normal-
ized stress-strain curve: (b) results of fitting normalized stress-strain curve by rational fraction.
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Figure 18. Determination coefficient of curve fitting of two mathematical models. The number in
each bar indicates the determination coefficients obtained using the two mathematical models.

In order to verify the rationality of the model selection, the stress–strain curves of
GRAC with different water-glass modules were fitted and compared with the experimental
data. The fitting results are given in Figure 19. These results show that the fitting curve can
better describe the real data, indicating that the model selected in this article can be used
for nonlinear analysis of the stress–strain curve of GRAC. The parameters a, b obtained by
fitting and the fitting determination coefficient R2 are listed in Table 7.

Figure 19. Fitting curve and test curve: (a) rising stage fitting curve and test curve; (b) falling stage
fitting curve and test curve.

Table 7. Parameters of GRAC’s normalized stress –strain curve.

Water-Glass Module a R2(a) b R2(b)

0.9 1.597 0.9925 15.759 0.8360
1.2 1.366 0.9952 13.892 0.9170
1.5 1.258 0.9942 9.122 0.9293
1.8 1.175 0.9978 7.583 0.9227
2.1 1.166 0.9975 3.422 0.9210

In order to obtain the constitutive equation of GRAC with only the water-glass module
as a variable, it is necessary to fit the water-glass module (m) with the falling stage parameter
a and the falling stage parameter b of the constitutive equation. The fitting process is shown
in Figure 20, and the fitting results are given in Equations (16) and (17).

a = 2.2026 − 0.7466m + 0.1340m2 (16)

b = 10.3277m − 5.5359 (17)
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Figure 20. Relation curve of parameters a, b, and water-glass module.

Putting Equations (16) and (17) into Equation (15), and then introducing x = ε/εpr,
y = σ/f pr into the equation, the constitutive equation of the compressive strength of GRAC
with water-glass modules as a variable was obtained, as shown in Equation (18):

σ =

 fpr × [(2.0203 − 0.7466 m + 0.1340 m2)× ( ε
εpr

− 4 ε4

ε4
pr
+ 3 ε5

ε5
pr
) + 5 ε4

ε4
pr
− 4 ε5

ε5
pr
] (ε ≤ εpr)

fpr ×
ε/εpr

(10.3277 m−5.5359)×(ε/εpr−1)2+ε/εpr
(ε ≥ εpr) (18)

4. Conclusions

The compressive strength, size conversion factor, compressive strength standard
deviation, stress–strain relationships, and constitutive equation for alkali-activated GRAC
on different modules were studied experimentally. The following conclusions were drawn
from the results of this study:

Water-glass has a double-layer structure. Low module water-glass leads to a thicker
diffusion layer, which activates more CaO, SiO2, and Al2O3 in the raw material, and
improves the strength of GRAC. There are two kinds of gel structures of the geopolymer
products (N-A-S-H and C-A-S-H). The decrease in the water-glass module contributes to
the formation of more N-A-S-H gel.

The compressive strengths of GRAC are all in line with Bazant’s size effect theoretical
curve. Through the segmented fitting method, the relationship of the size conversion
coefficient of GRAC (α), the critical strength (f cr), and the critical dimension (Dcr) and
water-glass module (ε) was determined, of which, ε = 1.5 was found to be the segmented
point of the three equations.

The stress–strain behavior of GRAC is similar to that of OPCC. The elastic modulus
and peak stress of GRAC are inversely proportional to the water-glass module, and the peak
strain is proportional to the water-glass module. In the process of constructing the GRAC
constitutive equation, it was found that the polynomial mathematical model and rational
fraction mathematical model are optimal for the rising stage and falling stage, respectively.
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