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Abstract: Although research on alkali-activated
cements has progressed, large-scale applica-
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tion remains challenging due to a lack of estab-
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lished companies, despite the current interest
in the development of one-part alkali-acti-
vated cements for different applications. Scale-
up production also depends on validating the
mechanical and durability properties of the asso-
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ciated raw materials, and the understanding of ﬁ AAC525
dosage parameters and physical behavior is a | solidAlaliAcivator (63%N20) | 9
key factor for the advancement of technology.

One-part alkali-activated cements typically consist of ground granulated blast furnace slag as the precursor, with the alkaline
activator in solid form, finely ground and mixed with the slag. The solid activator is a decisive factor in the reactivity of the
cement, rheological properties in the fresh state, and in the strength development over time in the hardened state. For its
widespread application in the construction industry, the alkali-activated cement must be easily used in the production of con-
crete with different strength levels. Portland cement concrete mix design, a well-known concept widely applied in structural
design, is based on Abrams’ law, which correlates mechanical strength with the water-to-binder (w/b) ratio. Although the water
content also plays a role in the strength of alkali-activated concrete, the concentration and type of activator make this correla-
tion even more complex. The objective of this study is to evaluate the effect of mixing water content on concrete produced
with three different types of one-part alkali-activated cements. These three cements were manufactured in a pilot-scale
plant, where the activator was adjusted to achieve different alkali concentrations. The alkali content directly influences the
strength and reaction rate both in cement and concrete. The behavior of alkali-activated cement is different from ordinary Port-
land cement in relation to the Abrams’ curve, mainly in terms of the inclination of the curve with respect to the w/b ratio; how-
ever, for adequate design of this type of concrete, other information such as Na,O content and H,0/Na,O ratio must be
considered.
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1. Introduction

As the demand for concrete continues to risel'], sustainable
alternatives to traditional Portland cement are being exten-
sively researched?3, Among these alternatives, alkali-acti-
vated cement (AAC) has emerged as a promising material
due to its potentially lower carbon footprint and comparable
mechanical properties*3l, Alkali-activated cements can be pro-
duced by optimally proportioning a finely ground amor-
phous aluminosilicate mineral with an alkaline activator con-
sisting mainly of hydroxides or silicates of sodium and/or
potassiuml®. Among the most used precursors are ground
granulated blast furnace slag, fly ash, and metakaolin, with
the slag offering the best technical and economic advan-
tages, as well as greater availability, compared to the other pre-
cursors’8l, The hardening process of alkali-activated cement
is very different from that of Portland cement, which gains
compressive strength as a result of cement hydration. In the
case of alkali-activated cements, there is initially a dissolu-
tion of the precursor, followed by polycondensation and the
formation of products such as hydrated calcium silicates
and/or silicate gels, better known as C-A-S-H and N-A-S-H
phases®9, This results in unique strength development charac-
teristics.

Alkali-activated material (AAM) is a broader term that
encompasses all systems where a solid aluminosilicate precur-
sor reacts with an alkaline source to form hardened cementi-
tious networks with distinct reaction products depending on
precursor chemistry'9l, Alkali-activated cement (AAC) is a
sub-category of AAM typically associated with calcium-rich pre-
cursors (e.g., slag), which yield calcium (sodium) aluminosili-
cate hydrate (C-(N)-A-S-H) as the main gel and are com-
monly referred to as geopolymers'll, In contrast, low-cal-
cium systems form a sodium aluminosilicate hydrate (N-A-S-
H) gell'2l, Because the present study uses a slag-rich formula-
tion, the binding phase is expected to be predominantly C-
(N)-A-S-HU3L This distinction is critical, as C-(N)-A-S-H gels
exhibit greater space-filling ability and contribute to a
denser, stronger matrix, especially with increasing alkali
(Na,O) content!'4,

These reaction processes depend directly on the pH of
the medium to initiate dissolution. Thus, regarding concrete
application, several studies have shown that AACs tend to
have lower early strength compared to ordinary Portland
cement (OPC) but exhibit superior long-term strength develop-
ment. For example, a study by Provis et all'5 found that
while OPC achieved 60% of its 28-day strength within 3 d,
AACs typically required up to 7 d to reach comparable levels.
However, at 28 d, AACs often surpassed OPC in compressive
strength due to their denser microstructure and higher
degree of reaction!®l,

The influence of the water-to-binder (w/b) ratio is also cru-
cial. Water’s role in AAC is chiefly as a reaction medium and
pore former rather than a stoichiometric participant in
hydrate formation as in OPCI6., Therefore, the chemistry of
the activator, governed by alkali dosage (e.g., Na,O content
of binder) and silicate modulus (M, = SiO,/Na,0), can amplify
or offset water’s effect.
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However, in the production of concrete manufactured
with alkali-activated cements, the concrete’s performance
does not depend exclusively on activation parameters (such
as alkali concentration and soluble silicate content). There-
fore, the amount of mixing water, the proportion of aggre-
gates, and the consumption of cementitious material per
cubic meter of concrete must also be considered. In the case
of Portland cement concretes, Abrams’ law has a primary
impact on performance because the water-to-cement ratio
defines both workability in the fresh state and mechanical
strength. Abrams’ law is a well-established concept in ordi-
nary Portland cement (OPC) concrete technology, stating that
compressive strength is inversely proportional to the water-
to-binder (w/b) ratiol'®l, However, the principle applies differ-
ently to AAC. For AAC, the literature generally reports a simi-
lar behavior, with an inverse relationship between compres-
sive strength and total water content, since excess water
increases capillary porosity within the hardened matrix. Experi-
mental data show that AAC concretes with a w/b of 0.4
exhibit the highest strength-to-binder efficiency, while increas-
ing w/b beyond 0.6 leads to significant strength reduction('”!
and a steeper Abrams’ curve, meaning their strength is more
sensitive to water content variations than OPCUL. This is likely
due to differences in reaction kinetics and AAC's ability to
form denser gel networks, even at slightly higher w/b
ratios!l. Considering a highly reactive aluminosilicate precur-
sor in AAC, mechanical strength is mainly governed by a com-
bination of parameters: alkali dosage, silicate modulus, and cur-
ing conditions. Hardjito & Rangan demonstrated that when
the H,0/Na,O molar ratio was held constant, adding water
(balanced by a higher NaOH concentration) did not reduce
strength, while an increase in the H,0/Na,0O ratio reduced
mechanical performance, clarifying why a simple “Abram’s
curve” may not be sufficient for AAMs!'8l. It should be noted
that the above discussion is based on sodium silicate as the
alkali source—the most common activator in one-part alkali-
activated cements (AACs). However, other solid activators,
such as sodium carbonate (Na,COs;) and sodium sulfate
(Na,S0O,), are also frequently employed in one-part AAC formu-
lations('%, Sodium carbonate offers economic and handling
advantages but tends to delay setting and early strength devel-
opment due to its lower initial alkalinity'9-2%], Sodium sulfate,
in turn, has been shown to reduce drying shrinkage in one-
part geopolymers2'l. While the present study focuses exclu-
sively on sodium silicate, acknowledging these alternative acti-
vators is important for contextualizing the applicability of
Abrams’ law across the broader family of one-part AACs. In
slag-rich AAC, lowering the solution/binder or water-to-
binder (w/b) ratio and/or raising alkali/silica contents acceler-
ates setting and improves early strength, while higher w/b reli-
ably depresses mechanical performance. In this regard, the
interdependence of multiple synthesis or production parame-
ters in AAC hinders the development of a concrete mix
design method based on a single variable, as is the case with
Portland cement concretes(??l. The RILEM report synthesizes
these findings and explicitly notes the high sensitivity to the
w/b ratio in AAC concretes. It emphasizes that AAC mix
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design should target workability (flow) at a given strength by
coordinating water content with activator dosage and curing,
rather than simply transplanting OPC’s Abrams-style prescrip-
tions. This advocates for performance-based mix design
instead of a prescriptive w/b ratio method!23l.

Despite increasing research on alkali-activated cements
(AACs), few studies have examined how variations in sodium
content influence concrete performance with regard to
Abrams’ law. Therefore, this study aims to evaluate different
classes of alkali-activated cements—produced by varying the
activator content (Na,0)—in order to correlate the applicabil-
ity of Abrams’ law with the cementitious material’s characteris-
tics, mechanical strength, and water-to-binder (w/b) ratio.

2. Materials and methods

2.1. Materials characterization

Ground granulated blast furnace slag was used as the alumi-
nosilicate precursor, along with a solid, finely ground activa-
tor produced through a thermal synthesis at 600 °C using
sodium hydroxide and quartz to achieve a SiO,/Na,0 ratio of
1.04. Using this activator and precursor, three alkali-activated
cements were produced, in which the ratio between precur-
sor and activator defines the activation concentration. These
three systems were classified as AAC (32), AAC (40), and AAC
(52.5), where 32, 40, and 52.5 denote the compressive
strength class at 28 d in a standardized mortar according to
ABNT NBR 7215: 201914, It should be noted that the increase
in strength grade for each AAC is linked to the activation con-
centration, with AAC (52.5) being the AAC containing the high-
est activator content. The classes of strength were obtained
from the variation of the Na,O content, which was 3.0%,
3.9%, and 5.3% for AAC (32), AAC (40), and AAC (52.5), respec-
tively. All AACs were produced in a pilot-scale plant in South-
east Brazil. A commercial Portland cement CEM II/A-L was
used as reference material. Tables 1 and 2 present the chemi-
cal composition and physical properties of the raw materials
and the three produced AACs, respectively.

Natural sand (30%) and artificial sand (70%) were used as
fine aggregates, with maximum particle sizes of 2.36 mm and

Table 1. Chemical characterization of raw materials and AACs (%).

Raw materials Alkali-activated cement

Oxide Precursor Activator AAC AAC AAC oF¢
(32) (40) (52.5)

Sio, 36.6 49.3 37.0 37.1 373 18.6
Al,O5 11.0 - 10.6 10.4 10.1 4.6
Fe,03 2.0 0.33 14 1.5 1.7 29

cao 43.0 0.49 395 39.1 37.7 63.5
MgO 52 - 5.0 49 4.7 0.2

TiO, 0.5 0.02 0.4 0.4 04 0.3
Na,O 0.7 47.5 3.0 3.9 53 -

K,0 0.0 - 0.4 0.4 0.4 -
MnO 0.7 - 0.5 0.5 0.5 -

LOI* 0.5 - 1.3 4.1 4.7 49

*Loss on ignition at 1050 °C[25],

P. F. Figueiredo et al.

Table 2. Physical characterization of the AACs.

Physical property AAC(32) AAC(40) AAC(52.5) OPC
Do (um) 6.9 6.0 45 15

Dsp (m) 19.5 194 16.7 9.7

Dgo (M) 415 493 421 254

D,, (um) 232 253 216 124
Density (g cm™3) 25 2.5 25 2.8
Blaine (cm2g~") 3622 3915 3870 5151

1.18 mm, and specific gravities of 2.67 g cm~—3 and 2.69 g cm3,
respectively. The coarse aggregate consisted of gneiss
crushed stone with maximum nominal sizes of 9.5 mm and
19 mm, and specific gravities of 2.59 g cm~3 and 2.63 g cm3,
respectively, according to the physical and granulometric char-
acterization of the materials.

2.2. Alkali-activated cement and concrete production
and evaluation

The mechanical strength of the three AACs was character-
ized according to ABNT NBR 7215: 201924 by producing mor-
tars with a cement-to-sand ratio of 1:3 and a water-to-
cement ratio of 0.48. Cylindrical specimens measuring 50 mm
in diameter and 100 mm in height were prepared and cured
at 95% relative humidity and 23 °C. Compressive strength
was determined at 1, 3, 7, and 28 d using a universal testing
machine (InterMetric/iM-300) with a loading rate of 0.25 +
0.05 MPa s~' (in accordance with ABNT NBR 7215: 2019)[24],
To evaluate the reactivity of the AACs, isothermal calorime-
try tests were performed using a TAM Air calorimeter (TA
Instruments) at 25 °C. Pastes were prepared with a water-to-
cement ratio of 0.5, and approximately 4.8 g of paste was
placed into the glass ampoules of the calorimeter to mea-
sure the heat released over a period of 72 h.

The setting time was determined according to ABNT NBR
16607: 201826 using the Vicat apparatus. A cement paste of
normal consistency was prepared and placed in a standard-
ized mold. The initial setting time was recorded when the
Vicat needle (1.13 mm, 300 g) penetrated 25 mm from the
base. The final setting time was reached when the needle left
no visible mark. The test was conducted at 25 + 2 °C and rela-
tive humidity > 50%.

Concrete mixtures were proportioned following the con-
ceptual framework of Abrams’ law, in which compressive
strength is evaluated as a function of the water-to-binder
(w/b) ratio under controlled workability conditions. For each
binder system, a series of mixtures was designed by systemati-
cally reducing the binder content while maintaining a nearly
constant slump (14 + 2 cm)?7), adjusted exclusively by the
addition of water and without the use of chemical admix-
tures. This approach resulted in a controlled increase in the
w/b ratio across mixtures, enabling the construction of
strength-w/b relationships analogous to Abrams-type curves.
All mixtures were produced and cured according to ABNT
NBR 12821: 2009128], with curing conducted at 23 + 2 °C and
95% relative humidity. The resulting mixture proportions are
summarized in Table 3.

Flexural strength29, indirect tensile strengthB3%, and tan-
gent modulus of elasticity3" were also determined.
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Table 3. Summary of concrete mixture proportions (kg m=3 of concrete).

AAC (32)

Material/parameter
32-a 32-b 32-c 32d 32-e
AAC 500 400 333 286 250
Fine aggregate 676 772 837 883 918
Coarse aggregate 962 959 958 956 955
Water 200 191 189 191 195
w/b 0.40 0.48 0.57 0.67 0.78
Slump (cm) 16.0 15.0 16.0 16.0 16.0

AAC (40)

Material/parameter
40-a 40-b 40-c 40d 40-e
AAC 500 400 333 286 250
Fine aggregate 676 772 837 883 918
Coarse aggregate 962 959 958 956 955
Water 208 195 188 191 192
w/b 0.42 0.49 0.56 0.67 0.77
Slump (cm) 16.0 16.0 16.0 15.5 15.0

AAC (52.5)
Material/parameter
52.5-a 52.5-b 52.5-c 52.5-d 52.5-e

AAC 500 400 333 286 250
Fine aggregate 676 772 837 883 918
Coarse aggregate 962 959 958 956 955
Water 214 196 191 189 193
w/b 0.43 0.49 0.57 0.66 0.77
Slump (cm) 15.5 16.0 16.0 15.5 16.0

3. Results

3.1. Alkali-activated cement characteristics

3.1.1. Compressive strength

Fig. 1 shows the compressive strength development over
time for the AAC types evaluated. All AACs exhibit a progres-
sive increase in strength, with AAC (52.5) showing the high-
est values, followed by AAC (40) and AAC (32), as expected.
At 1 d, AAC (52.5) reaches 17.9 MPa, 77% higher than AAC
(40) (10.1 MPa) and three times higher than AAC (32) (5.8
MPa), indicating a faster reaction for this AAC class. The final

70 Na,O = 3.0%
60 [
50
40

30

20

Compressive Strenght (MPa)

10

AAC (32)

strengths follow the same trend. AAC (52.5) surpasses 50 MPa
by 7 d, making it suitable for applications requiring early
strength gain and fast formwork removal.

In general, AAC (52.5) demonstrates superior early and
final strength, making it ideal for high-performance applica-
tions. Lower-class types (AAC (32) and AAC (40)) develop
strength more gradually, making them more suitable for gen-
eral construction and cost-effective applications. This can be
explained by the higher activator content, which increases
the alkalinity of the system, enhancing the dissolution of the
slag precursor and accelerating the precipitation of reaction

Na,O = 5.3%

Na,O = 3.9%
61.9

49.6

17.9

3d 7d 28d
AAC (40)

7d 28d
AAC (52.5)

Fig. 1. Compressive strength of AACs.
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products such as C-(A)-S-H and N-(A)-S-H gels. These mecha-
nisms are well-documented in the literature as essential for
strength gain in alkali-activated systems!>32],

3.1.2. Heat of reaction

Isothermal calorimetry results (Fig. 2 and Table 4) provide
essential insights into the reaction kinetics of the AAC types.
The heat flow curve is directly linked to the reaction rate.
AAC (52.5) exhibits an earlier and higher heat flow peak, indi-
cating a faster dissolution of reactive species and accelerated
gel formation. In contrast, AAC (32) shows a delayed and
lower peak, suggesting slower dissolution and polymeriza-
tion process. This difference in reaction rates highlights the
influence of sodium content on the reaction process, with
higher-strength  AAC reacting more rapidly due to their
higher alkalinity and greater reactivity.

The cumulative heat releases show the overall progress
of the reaction. AAC (52.5) generates the highest cumulative
heat (Table 4), indicating a greater reaction extent and more
reaction products. AAC (32) exhibits the lowest total heat,
indicating slower overall reaction progress, linked to lower
energy release. The AACs with higher reactivity, such as AAC
(52.5), display a more rapid reaction and higher total heat
release, which is consistent with their faster strength
development.

P. F. Figueiredo et al.

When comparing the calorimetry data with the compres-
sive strength results, a clear correlation can be identified (Fig. 3).
The AAC (52.5), which showed the highest heat flow and
total heat release (for the period of 72 h), also exhibited the
most rapid strength gain, surpassing 50 MPa by 7 d and reach-
ing 61.9 MPa at 28 d. This confirms that a higher hydration
rate leads to faster strength development. Conversely, AAC
(32), which had the lowest heat flow and total heat, demon-
strated the slowest strength gain, indicating that its delayed
hydration process results in a more gradual increase in
mechanical performance. These findings highlight the strong
connection between hydration kinetics and the mechanical
properties of AAC, emphasizing the importance of selecting
the appropriate AAC type based on specific structural and per-
formance requirements. With this, it is possible to predict the
strength and heat of reaction from the sodium content used
in the systems. As reported previously, the Na,O content
plays a key role in the kinetics and extent of reaction(33:34],

3.1.3. Setting time

The setting time test results confirm the influence of sodium
content in the activators on the hardening behavior of the
AAC paste over time. Fig. 4 illustrates the needle displace-
ment over time, indicating when the paste begins to lose fluid-
ity and solidify. The results demonstrate that AAC with higher

(@ 5
——AAC (32) — AAC (40) — AAC (52.5)
150
4 o
2100
o 3
o 50
3 L=
< 5
3 T o
2 0 005 010 0.15 0.0
§ 2 Time (h)
I
1
o Na,O = 3.0%
0 10 20 30 40 50 60 70
Time (h)
®) 300
— AAC (32) —AAC (40) ——AAC (52.5)
250
= 200
()]
= 150 Na,0=5.3%
[J]
= Na,0=3.9%
2 100
Na,0=3.0%
50
0

0 10 20 30

40
Time (h)

50 60 70

Fig. 2. Calorimetric analysis of AACs: (a) heat flow, (b) total heat.
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Table 4. Main parameters of calorimetric analysis for AACs.

Maximum heat released Accumulated heat

Time for maximum  Minimum heat released  End of latency time

Cement
(mwWg) Jg™ peak (h) (mwWg) (h)
AAC (32) 1.60 121.4 26.3 0.1 8.0
AAC (40) 1.83 150.4 229 0.16 7.3
AAC (52.5) 1.97 189.6 19.4 0.23 6.2
70 AAC (32) AAC (40) AAC (52.5)
Na,O = 3.0% Na,0 = 3.9% Na,0 = 5.3%
60 |- /.
;_«? /
< sof /0/ /0
[o)]
é 40F ./ / /. 1d
(%] +
ﬁ e /./ —0—7d
£ 2 °/ | —e—28d
8 el
10
0 | — | I | I— |
100 120 140 160 180 200

Total heat (J g™

Fig. 3. Correlation between total heat and compressive strength of AACs.

44+
4(Qgescecccccccccccomeccccce
z —e—AAC (52.5)
§ —e—AAC (40)
é —e—AAC(32)
g
©
B
2
[}
5
(9]
(7]
=
1 1 1 1 1 1 J
0 100 200 300 400 500 600 700 800 900 1000
Time (min)

Fig. 4. Setting time of AACs.

sodium content (Na,O = 5.3%, AAC (52.5)), exhibits shorter ini-
tial and final setting times (1 h 10 min and 2 h 34 min, respec-
tively), whereas cements with lower sodium content (Na,O =
3.0%, AAC (32)), take significantly longer to set (4 h 50 min
for the initial and 15 h 30 min for the final setting), as shown
in Table 5. This trend is consistent with the calorimetry data,
which showed that higher-strength AAC (AAC (52.5)) releases
heat more rapidly, indicating faster hydration reactions and
an accelerated setting process. Therefore, the higher the
sodium content, the faster the dissolution of components
and the formation of reaction products, reducing the time

Table 5. Setting time of AACs.

Cement Initial setting time Final setting time
AAC (32) 4 h 50 min 15 h 30 min
AAC (40) 2h 10 min 6 h 00 min
AAC (52.5) 1h 10 min 2 h 34 min

required for the paste to reach rigidity. This characteristic is
particularly relevant for applications that require rapid form-
work removal or early strength development, although it
may also impact workability and the available handling time



Materials Reports: Solidwaste and Ecomaterials 2(2026) 9520030

of the mixture. This behavior aligns with prior findings that
increased sodium levels reduce latency periods by accelerat-
ing silicate activation and gel precipitationt33.,

3.2. Concrete performance with different AAC types
3.2.1. Concrete performance with AAC (32)

Fig. 5 illustrates the compressive strength evolution of the dif-

1d3dM7d M 28d

P. F. Figueiredo et al.

ferent concrete formulations (Table 3), all using AAC (32). All
mixtures show progressive strength gain over time, but the
rate of development varies with the AAC content. Mixtures
with higher AAC content and lower w/b (32-a and 32-b)
achieve higher early and final strength, while mixtures with
lower AAC content and higher w/b (32-d and 32-e) exhibit
very low early strength, with 0 MPa at 1 d.

00 /b=040 w/b=0.48 w/b=0.57 w/b=0.67 w/b=0.78
slump=16 cm slump=15cm slump=16cm  slump=16cm  slump=16cm

60 -
=
(=1
S 50t
< 38
2 49 T
s 29 29
23f 23] I 22
g T 21 T 18
L 18
[o% 1 16

20k 13
£ 1 I 12 2y T
|V I 8 9

10+ 5 I I 6

] ! 0 o
0 [ . T
32-a 32-b 32c 32d 1 32

Fig. 5. Compressive strength of concrete containing AAC (32) at 1, 3, 7,and 28 d.

The w/b ratio strongly influences mechanical perfor-
mance. 32-a achieved the highest strength (38 MPa at 28 d),
confirming that a lower water content promotes a denser
and stronger cementitious matrix. The strength decreases as
w/b increases, with 32-e (w/b = 0.78) performing the worst
(13 MPa at 28 d). Additionally, only 32-a and 32-b show sig-
nificant early strength, making them suitable for appli-
cations requiring rapid formwork removal and early struc-
tural performance.

Additional mechanical property tests were carried out on
concrete produced with an intermediate water-to-binder
ratio (32-c) (Table 3), and the results are presented in Table 6.
The flexural strength and tensile strength at diametral com-
pression results are consistent, given the moderate compres-
sive strength. The tangent modulus of elasticity of 28.2 GPa
indicates a concrete mix with acceptable stiffness and deforma-
tion resistance.

Table 6. Additional mechanical properties of concrete containing
AAC (32-c) at 28 d.

Additional mechanical properties Results
Flexural strength (MPa) 5.9
Tensile strength at diametral compression (MPa) 2.3
Tangent modulus of elasticity (GPa) 28.2

3.2.2. Concrete performance with AAC (40)

Fig. 6 shows the compressive strength evolution over time
for different concrete formulations using AAC (40), indicating
progressive gain, with mixtures that have lower w/b achiev-
ing better mechanical performance. Like AAC (32), formula-
tions a and b exhibited the highest strength values, while mix-

tures with higher w/b ratios (40-d and 40-e) show signifi-
cantly lower strength gain. The influence of the w/b ratio (asso-
ciated also with the AAC content) is evident, as an increase in
w/b leads to a significant reduction in final strength. Addition-
ally, higher w/b mixtures showed very low early strength (0
MPa at 1 d), which could compromise applications requiring
rapid formwork removal.

The additional mechanical tests for 40-c (Table 7) demon-
strate that this formulation, beyond having a good balance
between strength and workability, possesses good perfor-
mance on tensile strength and good structural stiffness, due
to its tangent modulus of elasticity of 29.3 GPa.

When comparing the results of AAC (40) and AAC (32),
AAC (40) consistently outperforms AAC (32) in all formula-
tions, especially those with lower w/b ratios, since it reaches
strength values approximately 10 MPa higher than its AAC
(32) counterparts. Additionally, AAC (40) achieved faster early
strength gain, which can be advantageous for applications
requiring early formwork removal. This difference can be
attributed to the higher reactivity of AAC (40) and higher
sodium (Na,0) content in the cement, provided by the added
activator, leading to more efficient mechanical development
and producing stronger and more durable concrete.

3.2.3. Concrete performance with AAC (52.5)

Fig. 7 demonstrates results with AAC (52.5). As observed in
lower-class cements, w/b directly impacts mechanical perfor-
mance. Formulations a and b exhibit the best mechanical per-
formance, while formulations with higher w/b ratios (d and e)
show very low early strength (0 to 2 MPa at 1 d). This trend
reaffirms the inverse relationship between water content and
the development of mechanical strength, as higher water con-
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Fig. 6. Compressive strength of concrete containing AAC (40) at 1, 3, 7,and 28 d.

Table 7. Additional mechanical properties of concrete containing
AAC (40-c) at 28 d.

Additional mechanical properties Results
Flexural strength (MPa) 6.5
Tensile strength at diametral compression (MPa) 3.1
Tangent modulus of elasticity (GPa) 29.3

tent increases porosity in the AAC matrix, thereby reducing
final strength.

Additional data in Table 8 for the 52.5-c formulation
indicate good structural performance, with a flexural strength
of 7.7 MPa and a tensile strength of 3.6 MPa at diametral
compression. The elastic modulus of 30.0 GPa suggests
a rigid structure suitable for high-performance structural
applications.

Comparing the results of AAC (52.5) with AAC (40) and
AAC (32), it is evident that AAC (52.5) exhibits significantly
superior performance, particularly in terms of early strength
gain. At 1 d, AAC (52.5) reaches values above 20 MPa in formu-

1d73d M7d M28d

lations with lower w/b, whereas AAC (40) and AAC (32) do
not exceed 19 MPa and 12 MPa, respectively. This rapid devel-
opment is highly advantageous for applications requiring fast
formwork removal and high early strength. Additionally, at 28
d, the low w/b formulations of AAC (52.5) exceed 50 MPa,
while AAC (40) ranges from 18 to 51 MPa, and AAC (32)
reaches a maximum of 38 MPa. This difference reinforces the
superiority of AAC (52.5) in reactivity and structural perfor-
mance, making it more suitable for high-performance applica-
tions and structures under high mechanical demands.

3.3. Abrams’ curves behavior

The Abrams’ curve (Fig. 8) illustrates the relationship
between compressive strength at 28 d and the w/b ratio for dif-
ferent types of cements (CEM II/A-L, AAC (32), AAC (40), and
AAC (52.5)). The general trend observed confirms Abram’s
law, stating that concrete strength decreases as the w/b ratio
increases.

At 28 d, CEM II/A-L shows the lowest strength at low w/b
ratios (~0.4-0.5), where the AACs clearly outperform it. As the
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Fig. 7. Compressive strength of concrete containing AAC (52.5) at 1,3, 7,and 28 d.
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Table 8. Additional mechanical properties of concrete containing AAC (52.5-c) at 28 d.

Additional mechanical properties Results
Flexural strength (MPa) 7.7
Tensile strength at diametral compression (MPa) 3.6
Tangent modulus of elasticity (GPa) 30.0
70
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Fig. 8. Abrams’ curves of alkali-activated cements at 28 d.

w/b ratio increases, the curves converge: beyond ~0.5, CEM
II/A-L matches and then exceeds AAC (32) and AAC (40), reflect-
ing the greater sensitivity of the AACs to mixing water (a
steeper Abrams’ curve). Although CEM II/A-L reaches lower
strengths than the AACs at low w/b, its curve is less steep, so
it is comparatively less affected as the w/b ratio increases.
Among AACs, AAC (52.5) achieves the highest compressive
strength at all w/b ratios, indicating higher reactivity and
more efficient mechanical development. AAC (40) shows inter-
mediate performance, ranking above AAC (32) but below
AAC (52.5), suggesting a slightly reduced reaction compared
to the higher-class AAC.

The impact of the w/b ratio is evident across all formula-
tions. At low w/b ratios (~0.4-0.5), AACs exhibit superior perfor-
mance, with AAC (52.5) reaching nearly 60 MPa. At higher
w/b ratios (~0.5-0.8), the strength of all cements decreases,
but the reduction is steeper for the AACs: AAC (32) and AAC
(40) drop to or below the level of CEM II/A-L, whereas AAC
(52.5) retains the highest strength over the range evaluated.
This greater water sensitivity is consistent with the dilution of
the activator (higher H,0/Na,0 ratio), which slows the reac-
tion and increases matrix porosity.

The different classes of alkali-activated cement were
obtained from the combination of precursor and activator to
enable different levels of strength. Thus, for concrete pro-
duced with different cements to have the same strength, it is
necessary to vary the consumption of cement. Therefore,
Fig. 9 shows the amount of cement needed to obtain 1 MPa
for each of the cement classes evaluated.

The data show that AAC (52.5) exhibits the lowest binder
consumption per MPa, indicating higher efficiency in
strength development. This is expected, as higher-class AAC

have a greater proportion of reactive components, allowing
them to achieve higher strength with less material. In con-
trast, AAC (32) shows the highest binder consumption per
MPa, meaning it requires more material to achieve the same
strength levels as the higher-class AAC, suggesting a less effi-
cient hydration process. AAC (40) follows an intermediate
trend, consuming slightly more AAC per MPa than AAC (52.5)
and demonstrating moderate efficiency. Interestingly, CEM
[I/A-L shows a relatively stable consumption trend across differ-
ent w/b ratios, suggesting that Portland cement is less sensi-
tive to variations in w/b compared to alkali-activated
cements.

A comparison between AACs and OPC reveals that AAC
(52.5) and AAC (40) are more efficient than Portland cement,
consuming less material per MPa; however, at higher w/b
ratios (~0.7-0.8), consumption for AAC (40) surpasses that of
CEM II/A-L, suggesting that alkali-activated cements become
less efficient when excessive water is added. AAC (32)
remains the least efficient AAC across all w/b ratios, consis-
tently consuming more AACs per MPa than Portland cement
and higher-class AACs.

It should be noted that the binder consumption per MPa
is a purely mechanical efficiency indicator and should not be
directly interpreted as a proxy for environmental or eco-
nomic performance. Although AAC (52.5) exhibits the lowest
binder consumption per MPa, it also contains the highest
Na,O content (5.3%) due to the larger proportion of solid
sodium silicate activator. The production of sodium silicate is
energy-intensive and generates significant CO, emissions,
which may partially or fully offset the benefits of lower
binder consumption. Therefore, while this metric is useful for
comparing the reactivity of different AACs, a complete life
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Fig. 9. Binder consumption per unit compressive strength (kg MPa-") for different cements at 28 d.

cycle assessment (LCA) is necessary to evaluate the actual envi-
ronmental and cost advantages of each AAC class. Future stud-
ies should incorporate such analyses to support material selec-
tion in sustainable construction.

Although Abrams’ curve is a valuable tool for the mix
design of alkali-activated concrete, it is not sufficient on its
own, and other characteristics must also be considered. The
activator content, represented by the Na,O content, is a deter-
mining factor for mechanical performance for each class of
AAC, and the H,0/Na,0 ratio is determinant for a better under-
standing of this type of concrete with the variation in water
consumption. These characteristics will be better discussed in
the following sections.

3.4. Effect of Na,O content and H,0/Na,O ratio

Although Abrams’ curve remains a useful and practical
approach for the mix design of alkali-activated concretes, simi-
larly to conventional Portland cement systems, the mechani-
cal behavior of AACs cannot be fully interpreted solely as a
function of the water-to-binder (w/b) ratio. In alkali-activated
systems, the activator concentration also plays a fundamen-
tal role in reaction kinetics and strength development. There-
fore, in addition to the traditional Abrams’ relationship, the
H,0/Na,0 ratio can be used as a complementary parameter
for understanding and designing AAC mixtures, since it incor-
porates the chemical effect of activator dilution into the inter-
pretation of compressive strength development.

The difference in the dosage of the AAC is exclusively
due to the variation of the Na,O content in the AAC composi-
tion from the addition of activator (sodium silicate base with
M = 1.04). For the w/b range evaluated, the AACs outper-
form Portland cement (CEM II/A-L) at low w/b ratios (Fig. 8).
The increasing performance trend AAC (32) < AAC (40) < AAC
(52.5) reflects the direct influence of Na,O content on compres-
sive strength (Fig. 10), showing that higher activator concentra-
tions lead to superior mechanical performance across the w/b
range evaluated.

An increase in sodium content enhances the reactivity of
alkali-activated cements because higher concentrations of
Na,O raise the alkalinity of the pore solution, promoting

faster dissolution of the amorphous aluminosilicate or slag pre-
cursors and accelerating the formation of C-(A)-S-H and N-A-
S-H gels. This behavior was previously confirmed by the calori-
metric analysis, where AAC (52.5) exhibited higher heat
release, shorter latency periods, and faster strength develop-
ment compared to AAC (32) and AAC (40). Consequently,
higher Na,O contents lead to denser cementitious matrices
with lower porosity and superior mechanical performance.

Thus, in the formulation of commercial alkali-activated
cements, the Na,0 content becomes a key parameter that gov-
erns the binder demand and the final performance of each
cement class. Each AAC class, therefore, presents its own
dosage behavior and Abrams-type curve, allowing mix
designs to be optimized according to the required mechani-
cal performance.

Along the different points of w/b evaluated, the total
water volume used per cubic meter of concrete remained rela-
tively constant, while the AAC content progressively
decreased, resulting in higher w/b ratios and significantly
lower compressive strengths, following an exponential trend
(Fig. 11). This behavior indicates that the increase in water con-
tent not only affects matrix porosity, as traditionally
described by Abrams’ law, but also alters the effective concen-
tration of the alkaline activating environment.

In this context, the H,O0/Na,O ratio provides an impor-
tant complementary interpretation of AAC behavior. Higher
H,0/Na,0 ratios correspond to more diluted alkaline systems,
which slow down the dissolution of the vitreous phases of
the precursor and reduce the rate of gel polymerization (N-A-
S-H or C-(N)-A-S-H). Literature reports similar trends and
emphasizes that higher strengths are obtained when activa-
tion occurs under more concentrated Na,O conditions, which
favor the precipitation of compact hydration products, while
higher H,0/Na,O ratios lead to weaker and more porous matri-
cesl'236], | ikewise, excessively diluted solutions lack sufficient
ionic strength to effectively dissolve the aluminosilicate
precursor!37],

The underlying mechanisms can be explained by the
dependence of precursor dissolution on the pH and ionic con-
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Fig. 11. The relationship between H,0/Na,0 ratio and compressive strength in concrete.

centration of the pore solution. Higher H,0/Na,O ratios
reduce the concentration of hydroxyl ions available to attack
the Si-O and Al-O bonds of the slag, delaying the release of sili-
cate and aluminate species necessary for gel nucleation and
growth(038, Consequently, the induction period becomes
longer, and the polycondensation reactions proceed more
slowly, resulting in less cross-linked and more heteroge-
neous gel structures. Conversely, lower H,0/Na,O ratios pro-
mote faster dissolution, accelerated gel precipitation, and the
formation of denser and more compact matrices with supe-
rior mechanical strengthl1239:40],

Even with AAC compositions with different sodium con-
tents, the H,0/Na,O ratio showed a strong correlation with
compressive strength. For the evaluated materials, compres-
sive strengths above 40 MPa were generally associated with
H,0/Na,0 ratios lower than 40, while strengths between 20
and 40 MPa were obtained for ratios between 40 and 70.

Therefore, the H,0/Na,O ratio does not replace Abrams’
curve in concrete mix design but acts as a complementary
parameter for alkali-activated systems. While the w/b ratio

describes the global water content and its influence on poros-
ity, the H,0/Na,O ratio better represents the effective chemi-
cal dilution of the activating medium. For commercial one-
part AACs, where the Na,O content is fixed in the cement com-
position, this parameter helps define the appropriate water
demand. In two-part alkali-activated systems, this relation-
ship can additionally support the optimization of activator
dosage and binder consumption for a target compressive
strength.

4, Conclusions

This study demonstrated that the mechanical performance of
one-part alkali-activated cements is strongly governed by the
Na,O content and by the interaction between activator concen-
tration and water content. Higher activator dosages
increased cement reactivity, accelerated reaction kinetics,
and enhanced compressive strength development, confirm-
ing the applicability of an Abrams-type relationship for alkali-
activated concretes, although with greater sensitivity to
water variations than Portland cement systems. The results
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also demonstrated that the H,0/Na,O ratio is an important
complementary parameter for interpreting and designing
AAC mixtures.

(1) The different AAC strength classes were directly associ-
ated with the Na,O content used in the cement composition.
For H,0/Na,O ratios lower than 40, compressive strengths
above 40 MPa were generally obtained, while ratios between
40 and 70 resulted in strengths between 20 and 40 MPa. This
relationship provides a practical reference for AAC mix
design, particularly for systems with fixed Na,O content.

(2) Higher Na,O contents also improved cementitious effi-
ciency. AAC (52.5) exhibited lower binder consumption per
MPa than AAC (32), indicating that higher activator concentra-
tions promote more efficient strength development due to
the greater extent of reaction confirmed by calorimetric
analysis.

Overall, the results demonstrate that the compressive
strength of one-part alkali-activated concretes is governed by
the combined interaction between the w/b ratio, Na,O con-
tent, and H,0/Na,O ratio, highlighting the need for inte-
grated mix design approaches for AAC systems rather than
relying exclusively on conventional Portland cement-based
parameters.
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