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Abstract. Alkali-activated concrete is a new type of environmentally friendly
building material. The use of industrial waste marble powder to prepare alkali-
activated concrete can reduce energy consumption. This study investigates the
fracture properties of waste marble powder-slag-based alkali-activated concrete
(WSAAC) by varying the modulus of alkali activators, sodium oxide content,
and slag content through three-point bending tests, while analyzing crack devel-
opment paths using DIC technology. The initial fracture toughness and unstable
fracture toughness of WSAAC are positively correlated with its compressive
strength. The fracture energy of WSAAC increases initially and then decreases
with an increase in the modulus of alkali activators. Moreover, the fracture en-
ergy exhibits a gradual increase with higher sodium oxide and slag content.

Keywords: Fracture toughness, Fracture energy, Alkali-activated concrete,
Waste marble powder.

1 Introduction

Concrete is among the most extensively utilized construction materials globally. The
CO: emissions from ordinary Portland cement production account for about 5 % to
7 % of global CO; emissions [1], which is one of the important reasons for the
greenhouse effect. Therefore, it is urgent to find a new environmentally friendly
material as a replacement for ordinary Portland cement. Many scholars have carried
out a series of research and have found that alkali-activated cementitious material is a
new material that can replace ordinary Portland cement [2,3]. Alkali-activated
concrete offers excellent mechanical properties, high early strength, fire resistance,
and durability [4]. Most studies indicate that waste marble powder can serve as a
viable substitute for cement [5], a mineral substitute [6], or an inert material [7] in
concrete. The research on utilizing waste marble powder as a precursor for alkali-
activated concrete is limited. Hence, it is valuable to investigate the preparation of
waste marble powder-slag-based alkali-activated concrete (WSAAC).

Previous research by the research group [8] has shown that waste marble powder
can be used as a precursor to prepare alkali-activated concrete, and the strength of
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WSAAC meets the requirements for general engineering applications. Zhang et al. [9]
found that the fracture performance of alkali-activated sea coral aggregate improves
with increasing alkali content. Ding et al. [10] found that increasing alkali
concentration and alkali activator modulus improves the fracture performance of
geopolymer concrete made with slag/fly ash. Limited research has been conducted on
the fracture performance of WSAAC, making it necessary to study the fracture
performance of WSAAC as an important parameter for engineering applications.

This paper aims to investigate the influence of alkali activator modulus (Ms), Na,O
content, and slag content (SG) on the fracture properties of WSAAC. By conducting a
three-point bending test, the fracture parameters of WSAAC were obtained, including
P-CMOD curve, P-0 curve, fracture toughness and fracture energy. At the same time,
DIC technology was used to obtain the whole strain and displacement of WSAAC
during the fracture test, which provided a reliable basis for the crack propagation path.

2 Experimental Design

The waste marble powder (WMP) used in this experiment is sourced from a stone
processing factory in Guangxi. Its chemical composition was determined through X-
ray fluorescence analysis and the results are presented in Table 1. The slag is obtained
from a steel plant in Guangxi and is classified as S95-grade slag. Its chemical
composition is also presented in Table 1. The fine aggregate utilized in this study is
locally sourced river sand, which has a fineness modulus of 2.4, the coarse aggregate
crushed limestone stones sourced locally, with a continuous grading of 5-20mm. The
w/b ratio of WSAAC is 0.37, sand ratio is 0.3. The basic mix proportions are
presented in Table 2.

Table 1. Chemical composition of waste marble powder and slag.

Chemical Composition (Mass Percentage/%)

Name - ; .
Ca0O SiO» AlOs TiO, Fe;O;  Other  Ignition loss
WMP 54.09 1.07 1.14 0.04 0.39 0.74 42.48
SG 57.70 25.55 12.07 2.68 0.49 0.59 0.72
P
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Fig. 1. Schematic diagram of test specimen

Three-point bending beam specimens are employed to study the fracture properties of
WSAAC, as shown in Fig. 1. The loading process of the experiment is controlled by
displacement, with a loading rate of 0.l mm/min.
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Table 2. Mix proportions and fracture parameters of WSAAC.

NaxO SG  CMOD. Pii  Puw ac K m G
Group Ms %  10°mm KN KN mm e MR
m m

Msl0 10 5 35 383 137 206 544 032 236 106.5
Msl2 12 5 35 564 157 222 554 036 259 116.9
Msl4 14 5 35 415 141 209 545 033 239 147.7
Msl6 16 5 35 365 123 1.84 531 030 205 125.9
N3 14 3 35 474 134 196 544 032 226 124.2
N5 14 5 35 415 141 209 546 033 239 147.7
N7 14 7 35 447 143 218 547 034 250 163.9
SG20 14 5 20 53.6 064 087 465 0.19 093 848

SG25 14 5 25 416 0.86 1.16 48.1 0.3 1.21 106.8
SG30 14 5 30 503 129 172 529 031 1.93 138.1
SG35 14 5 35 415 141 209 545 033 239 147.7
SG40 14 5 40 467 229 3.16 63.6 050 485 177.5

Note: Msl.0 indicates a modulus of 1.0 for alkali activator, N3 indicates a sodium oxide
content of 3%, and SG20 indicates a slag content of 20%.

3 Experimental Results and Discussion

3.1 Visualization of the Fracture Process

Pre-0.7Pax mac Post-0.7Pnax  Post-0.2Pax

C)....

Fig. 2. Strain distribution maps at different loads: (a) Ms1.0, (b) N3, (c) SG20.
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Fig. 2 Strain contour map shows the gradual development of strain at the pre-crack tip
with increasing load throughout the entire experimental process. At 70% of the P,
minimal strain is observed at the pre-crack tip, with no significant presence of cracks.
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At Puax, significant lateral strain and stress concentration are observed at the tip of
the prefabricated crack, indicating crack initiation. After Pua, lateral strain at the
crack tip continues to increase, leading to upward crack propagation. At 20% after
reaching Pumax, the crack gradually enlarges, indicating specimen failure. Fig. 2
demonstrates that the crack propagation paths of Ms1.0, N3, and SG20 specimens
exhibit a single bending trajectory, determined by the direction of principal stress
after stress concentration. Cracks may encounter coarse aggregates during
propagation, leading to bending development toward weaker areas.

3.2 P-CMOD curve and P-6 curve

Fig. 3 presents the P-CMOD and P-J curves of all specimens, and it can be observed
that the shapes of all curves are similar. The curves can be roughly categorized into
three parts: linear elastic growth, crack propagation, and fracture failure. During the
initial loading phase , the concrete specimens do not exhibit visible cracks and are in
the linear elastic phase until the load reaches the cracking threshold. During the crack
propagation stage, micro-cracks are generated and gradually enlarged at the pre-
existing crack due to stress concentration. The P-CMOD curve transitions from a
linear stage to a nonlinear stage as the crack expands. Crack initiation, the weak
interfaces within the concrete serve as the primary path for crack propagation. As the
maximum load is reached, the specimen's load-bearing capacity decreases,
accompanied by a significant increase in crack opening displacement. This indicates
that the specimen has entered the fracture failure stage. From Fig. 3, it can be
observed that as the Ms increases, The peak load of the curve exhibits an initial
upward trend followed by a subsequent decline. Additionally, with an in-crease in the
NaxO content and slag content, the corresponding peak load of the curve gradually
increases.

(a) 32 —N3f, —SG20
—--Nsfi — - - 5G25
—-=N7|it —-=-SG30

- ==-8G35

CMOD (3)/ mm

Fig. 3. The influence of different parameters on the curve: (a) P-J curve, (b) P-CMOD curve.



Fracture Properties of Waste Marble Powder-slag-based Alkali-Activated Concrete 67

3.3 Fracture Parameters

Initial Fracture Toughness. This study employs the double-K fracture criterion
proposed by Xu et al. [11] to determine the fracture toughness of WSAAC. The
calculation formula for initial fracture toughness is as follows:

o 15(PmitRIx1072)x 1073
Kt = 2 xS x ay* x f(a) ()

In the equation: K represents the initial fracture toughness (MPa-m'?); P;, is the
initiation load (kN); m is the mass between the specimen supports, converted based on

S/L; g is the gravitational acceleration, assumed to be 9.81 m/s2.
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Fig. 4. Initial fracture toughness, unstable fracture toughness, and fracture energy for different
variables.

The obtained values of K for the specimens are shown in Table 2. As shown in Fig.

4, with the increase of Ms, the K exhibits an initial increasing trend followed by a
subsequent decrease. When increasing from Ms1.0 to Msl1.2, the K7¢' increases from

0.32 MPa-m'? to 0.36 MPa-m'?, with an increase of 12.5%. However, when increased
to Msl.6, the K" decreases to 0.30 MPa-m'2 with a decrease of 6.25%. With the

increase of Na,O content, the K™ gradually increases. When increasing from N3 to
Ic 8 y g

N7, the K™ increases from 0.32 MPa'm!? to 0.34 MPa-m'2, with an increase of
6.25%. Similarly, with the increase of slag content, the Ki* gradually increases.
When increasing from 20% to 40% slag content, the Kj7' increases from 0.19

MPa-m'? to 0.50 MPa-m'?, with an increase of 163.16%.
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Unstable Fracture Toughness. Based on the double-K fracture criterion [11], the
calculation formula for unstable fracture toughness is as follows:

L5(Praxt+2x1072)x1073 172
= = xS x a.* x f(a) )

In the equation: K} represents the unstable fracture toughness (MPa-m'?); a. is the

effective crack length (m).

The calculated results of Ki%* for the specimens are shown in Table 2. As shown in
Fig. 4, with the increase of Ms, the K} exhibits an initial increase followed by a
subsequent decrease. When increasing from Ms1.0 to Ms1.2, the K} increases from
2.36 MPa-m'? to 2.59 MPa-m'"?, with an increase of 9.75%. However, when increased
to Ms1.6, the K} decreases to 2.05 MPa-m'2, with a decrease of 13.14%. With the
increase of Na>O content, the K}7' gradually increases. When increasing from N3 to
N7, the K} increases from 2.26 MPa-m!'? to 2.50 MPa-m'?, with an increase of
10.62%. Similarly, as the slag content increases, the Kj' gradually increases. When
increasing from SG20 to SG40, the K} increases from 0.93 MPa-m'? to 4.85

MPa-m'?, with an increase of 421.51%.

Fracture Energy. According to the recommendations of RILEM TC-50FMC [12],
the calculation formula for fracture energy is as follows:

Gp =5, Wy =m0 3)
Where Gr represents the fracture energy (N/m); Wy represents the area under the P-0
curve obtained from the test (N/m); W; refers to the work done by the weight of the
specimen and the test machine fixtures (N/m); dmq denotes the maximum deflection at
the mid-span of the specimen (m); 4 represents the area of the fracture ligament of
the specimen, in square meters (m?).

Table 2 displays the calculated Gr values for the specimens. As shown in Fig. 4,
with the increase of Ms, the Gr exhibits an initial increasing trend followed by a
subsequent decrease. When increasing from Ms1.0 to Ms1.4, the Gr increases from
106.5 N/m to 147.7 N/m, with an increase of 38.69%. However, when increased to
Msl.6, the Gr is 125.9 N/m, with an increase of 18.22%. This is because alkali
activators with lower Ms have a stronger alkaline property, which accelerates the
early hydration of precursors but fails to fully react in later stages. Alkali activators
with higher Ms produce weaker cementitious products during the reaction, resulting
in a decrease in Gr. With the increase of Na;O content, the Gr gradually increases.
When increasing from N3 to N7, the Gr increases from 124.2 N/m to 163.9 N/m, with
an increase of 31.96%. This is due to the high concentration of alkali, which promotes
hydration of precursors and generates more hydration products. Similarly, with the
increase of slag content, the Gr gradually increases. When increasing from 20% to
40% slag content, the Gr increases from 84.8 N/m to 177.5 N/m, with an increase of
109.71%. This is because the increased slag content leads to more hydration products
and a denser internal structure.
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4 Conclusions

This study conducts three-point bending tests on WSAAC with different alkali
activator modulus, Na>O content, and slag content. It explores the fracture parameters
and crack propagation process of WSAAC and analyzes the full-field strain using the

DIC technique. Based on the experimental findings and analysis of parameters, the

following main conclusions can be inferred:

(1) With the increase of Ms, the WSAAC K™ demonstrates an initial upward trend
followed by a subsequent decline , with the highest K observed for Ms1.2. With
the increase of Na>O and slag content, K™ gradually increases, with the highest
K observed for N7 and SG40.

(2) With the increase of Ms, Ki%* displays an initial rise followed by a subsequent
decline, with the highest K} observed for Ms1.2. With the increase of Na>O and
slag content, Kj7' gradually increases, with the highest Kj* observed for N7 and
SG40.

(3) As Ms increases, Gr shows an initial upward trend followed by a subsequent
downward trend, the highest Gr value is observed at Ms 1.4. With an increase in
the Na;O and SG content, Gr gradually increases, the highest Gr values are
observed for N7 and SG40.

(4) The use of DIC technique allows for the comprehensive visualization of crack
propagation in WSAAC, providing valuable insights into the crack growth
process and morphology. It is essential in determining the fracture parameters of
WSAAC.
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