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Public summary
m The internal cavity pore sizes became smaller owing to the addition of recycled materials.
m The quasi-static strength of the FMOCM was improved, but the strain rate effect was weakened.

m The FMOCM with solid waste materials show better toughness.
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Abstract: With the rapid reutilization of solid waste materials, it is imperative to investigate the properties of composite
materials formed by the addition of solid waste materials. Basic foamed magnesium oxysulfate cementitious
materia(FMOCM) with and without solid waste materials were studied and compared. This study focused on the internal
structures and quasi-static and dynamic mechanical properties of FMOCM. The results showed that the internal cavity
structure of the FMOCM underwent significant changes, and the pore sizes became smaller owing to the addition of re-
cycled materials and wood flour, which greatly improved the quasi-static strength of the FMOCM. It was found that the
FMOCM had obvious strain rate effects. By comparing the dynamic strength factors, the dynamic strength of the regular
FMOCM almost doubled, and the addition of solid waste materials weakened the strain rate effect. Only when the strain
rate was lower did the FMOCM with solid waste materials show better toughness compared to the more serious fracture of
the regular FMOCM. Furthermore, this study demonstrated the broad application prospects of solid waste materials in

magnesium oxysulfide cementitious materials.
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1 Introduction

The recycling of solid waste materials is conducive to the pro-
tection of the ecological environment and the sustainable de-
velopment of resources, and the utilization of recycled materi-
als is one of the key technologies for improving the utiliza-
tion efficiency of solid waste regeneration. Magnesium
oxysulfide cementitious material with high strength, good fire
resistance, and low energy consumption is a type of air-
hardening ternary cementitious system material. MgO-MgSO,-
H,0, composed of lightly burnt MgO and a solution of mag-
nesium oxysulfate heptahydrate (MgSO,-7H,0), has three
common crystal phases: Mg (OH),, MgSO, 7H,0, and
3Mg (OH),"MgSO,-8H,0" .

In recent years, suitable additives such as citric acid and
citrate"”, tartaric acid and tartrate"”, phosphate!' ")
tartaric acid!, and magnesium oxysulfate cement(MOC)
have been developed. Its main hydration products, newly dis-
covered magnesium oxysulfate whiskers with a chemical for-
mula of 5Mg(OH), MgSO,-7H,0, exhibit a higher perform-
ance. The mechanical properties ofbasic magnesium
oxysulfate cementitious materia(BMSC) have been widely
studied as green and environmentally friendly civil engineer-
ing materials'"”. Chen et al. prepared a basic foamed magnesi-
um oxysulfate cementitious material (FMOCM) with light

calcined magnesia and magnesium oxysulfate heptahydrate
with a dry density of 100-500 kg/m’'“. The effects of the
foaming agent on the porosity and mechanical properties of
the FMOCM were studied, and its strength, water absorption,
and thermal conductivity were measured. Cong et al.l”"
studied the effects of glass fiber and polypropylene fiber con-
tent on the dry density, thermal conductivity, porosity, volu-
metric water absorption, softening coefficient, and mechanic-
al properties of a FMOCM. However, to date, research on the
dynamic mechanical properties of FMOCMs is still lacking.

Currently, magnesia cementitious materials, mainly used in
construction projects such as the production of building insu-
lation materials and prefabricated building materials, meet the
requirements of building energy efficiency and environment-
al protection and are expected to become the future core high-
performance eco-friendly cement. With urbanization, more
solid waste materials are produced that occupy farmland, des-
troy ecology, and pollute the environment. The use of solid
waste materials in FMOCMSs has great development potential
for replacing traditional building materials. Based on re-
cycled materials, an FMOCM prepared from recycled magne-
sia cementitious material and wood was developed.

In this study, the basic mechanical properties of an
FMOCM were systematically measured. Quasi-static and dy-
namic compressive strengths were studied to analyze the
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strain rate effect. The differences in the mechanical proper-
ties of FMOCMs with/without recycled materials and wood
flour were compared. The comparison has practical signific-
ance for fully understanding the advantages of FMOCMs in
terms of their mechanical properties and expanding their
application in the civil engineering industry. Thus, this study
provides a foundation for the future development of structur-
al materials for magnesium oxysulfate cementitious systems.

2 Experimental tests

2.1 Raw materials

Magnesium oxysulfate heptahydrate(Fig. 1a) was obtained
from Jiangsu Kouyuan Magnesium Industry Co., Ltd. and
contained 99% effective content of MgSO,-7H,0. Wood
flour(Fig. 1b) was obtained from the Liannan Yao Autonom-
ous County Jinwen wood processing factory, and its size was
less than 1 mm. Light-burned MgO powder(Fig. 1c) from
Liaoning Haicheng Magnesite was calcined at 700-1000 °C
by Haicheng Qianyuan Refractory Co., Ltd. The fineness of
the light-burned MgO powder was 200 mesh. The activity of
MgO was more than 63%. The recycled material(Fig. 1d)
after abrasion by a sanding machine was the waste material of
the MOC manufactured by Ningguo Green New Material
Technology Co., Ltd., with a fineness of 200 mesh. The ad-
mixture was a polymer complex protein foaming agent and
acid modifier based on inorganic acids from Ningguo Green
New Material Technology Co., Ltd.

2.2 Mixture proportions

First, magnesium oxysulfate was melted and added to water,
and brine was prepared with a solution at 26.0 Baumé de-
grees. Then, the brine, MgO, MOC, recycled material, wood
flour, and acid modifier were placed in turn into a mixer in
the proportions shown in Table 1. The obtained samples were

ol &

(c) Light-burned magnesium oxide (d) Recycled material

Fig. 1. Photographs of raw materials.
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Table 1. Mixture proportions(kg/m’).
Brine MgO Recycled material Wood flour
r 448 320 100 512
MgS0,*7H,0 MgO H,0
3244 1000 620.8

classified into two categories according to their content. The
sample containing recycled material and wood flour was re-
corded as “7,” and the sample without solid waste materials
was recorded as “O”. After stirring for 3 to 5 min, a foam ma-
chine was used to add foam and stir until the foamed cementi-
tious material was well distributed. Finally, the mixture was
poured into a mold and cured under natural conditions for 28
days.

For comparison with the FMOCM with solid waste materi-
als, the regular FMOCM was prepared using the same meth-
od, and its main components are listed in Table 1.

2.3 Sample preparation

After demolding, the samples were prepared by coring and
cutting, and the end faces were polished with a precision of
+ 0.05 mm. To obtain the mechanical properties of the
FMOCM, quasi-static uniaxial compression tests and split
Hopkinson pressure bar(SHPBO tests were carried out. The
quasi-static test sample sizes of the FMOCMs with and
without solid waste materials were 50 x 50 x 50 mm and ®32 %
20 mm, respectively. The SHPB test dimensions were ®32 x
20 mm as shown in Fig. 2.

The real densities of the FMOCMs with and without solid
waste materials calculated by the weight and volume of the
sample were 0.77 and 0.64 g/cm?’, respectively. The micro-
structures of the samples were characterized by scanning elec-

20 100 0 7o B0 0
ot
Fig. 2. Photographs of SHPB tests samples.
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Fig. 3. SEM images of FMOCMs.
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tron microscopy(SEM) (JEOL JSM-6390LA, Japan) as
shown in Fig. 3.

The SEM image(Fig. 3) shows that the pore microstructure
of the regular FMOCM had an average length of 200 pm.
With the addition of solid waste materials, the internal pore
size decreased to an average length of 100 um, and the pore
wall structure became loose. However, the structure of the
matrix material was essentially the same.

2.4 [Experimental method

Quasi-static uniaxial compression tests were carried out on a
material testing machine(MTS810) at the Material Mechanic-
al Properties Test Laboratory of the Engineering Experiment-
al Center of the University of Science and Technology of
China with a loading rate of 0.001 s'. Dynamic tests were
performed on a SHPB with a diameter of 32 mm as shown in
Fig. 4.

The measured signals of the incident, reflected, and trans-
mitted waves are denoted as &,(f), &(?), and &,(r), respect-
ively, where ¢ is the time. The displacements u, and u, of the
two end faces of the sample can be expressed as

u, = L cEdts u, = L coE,dr (1)
where ¢, is the wave velocity of the incident and the transmis-
sion bars, &, is the strain of the contact surface between the in-
cident bar and the sample, which includes the incident and re-
flected pulses, and &,is the strain of the contact surface
between the transmission rod and the sample, which is only
related to the transmission pulse. Therefore, the end-face dis-
placements can be expressed as

u = [ ele0-e®ldbu = [ ao@d ()
The average strain of the sample is
Jmt G e
=== =7 [ @O -a-s0)d ()

where L is the length of the sample. By calculating the deriv-
ative of Eq. (3) with respect to time, the outcome is the aver-
age strain rate:

Co

&) = 7 &) — &x(t) — & (1)] “4)

The force on both ends of the sample can be expressed as

Yietal.
P (1) = EA[&,(1) + &(1)] (%)
P,(t) = EAg(1) (6)

where A is the cross-sectional area of the incident and trans-
mission bars, and F is the elastic modulus of the bar.
The results show that the average stress in the sample was

EA

ﬁ [&:(8) + &x(2) + £:(D)]

_P@O+P(1) _

o(1) A

(M
where A, is the cross-sectional area of the sample.

Egs. (3), (4), and (7) are the three-wave method of the
stress—strain relationship of the sample under a high strain
rate measured by the ordinary SHPB experiment, namely,

&(t) = Cz 1 Te/(0) = £x(t) — £, (D]1dt

8(0) = 7 Le/(0) = ex(t) ~ (1) ®)

EA
o) = - la0) +alt) + & (1)

s

In addition, applying the assumption of uniformity, we ob-
tain

&(1) +&x(1) = &(1) ©)
Substituting Eq. (9) into Eq. (8), we obtain
&) = —% [ ex(Ddt
60 =~ 2260 (10)

o) = e
The method of using Eq. (10) to obtain the stress—strain re-
lationship of materials is known as the two-wave method.
Owing to the serious dispersion of reflected waves measured
by a large-scale SHPB rod, the two-wave method is often
used to process experimental data when processing concrete
data.

3 Results and discussion

3.1 Quasi-static mechanical properties

The stress—displacement curves of the FMOCM under quasi-
static loading conditions &, = 0.001 s and the stress—dis-

Striker bar __ Incident bar Transmission bar
Light
A Specimen Absorber bar
Air gun \TT Aage 1 pe \ Gage 11 / \
- [ = | = I
= i & & Buffer
Photo Diode

Trig timer

Amplifier

Fig. 4. Schematic diagram of SHPB.

Digital Oscilloscope
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Nominal Stress,o(MPa)

T
0.8 1.0 1.2

T
0.6
Displacement,d(mm)

T
0.4

Fig. 5. Stress-displacement curves of FMOCMs under quasi-static com-
pression.

Table 2. Quasi-static test results.

No.
Parameter
THO1 TH#HO2 THO3 O#01 O#02 O#03
Peak failure strain /10°° 6.10 825 721 438 5.6 6.2
Compressive strength /MPa  9.67 9.24 1120 6.6 57 72

placement curves of the FMOCM are shown in Fig. 5, and the
compressive strength and peak failure strain can be calcu-
lated separately by force and displacement as shown in Table 2.
The average compressive strength of the FMOCM with solid
waste materials was 10.0 MPa with a 54% increase in con-
trast with that of the regular FMOCM. Similarly, the average
peak strain of the former specimen was 30% higher than that
of the latter at failure.

Table 3. Dynamic test results.

3.2 Dynamic mechanical properties

According to the SHPB test results (Table 3) and processed
test data, the stress—strain curve of the FMOCMs under dif-
ferent strain rates can be obtained as shown in Fig. 6. It can
be seen that the material had a significant strain rate effect,
and the dynamic compressive strength of the FMOCM with
solid waste materials was stronger than that of the regular
FMOCM. For further comparison and analysis of the mechan-
ical properties, the relationship between the dynamic strength
and strain rate of the FMOCM was established and normal-
ized based on the quasi-static compressive strength o, and
loading rate &, = 0.001 s™' as shown in Fig. 7. The DIF = o/,
fitting formulas are

DIF” = 1+0.0015(1g&/&,)"> (11)

DIF’ = 1 +0.00024(1g/ &,)"* (12)

The dynamic strength of the regular FMOCM nearly
doubled. However, the enhancement in the dynamic strength
of the FMOCM with solid waste materials was weaker than
that of the regular FMOCM, indicating that the recycled ma-
terials and wood flour reduced the strain rate effect of the
FMOCM.

The macro fracture of the FMOCM was the result of the in-
ternal defect of the original material expansion and penetra-
tion of the base material continuously under the action of ex-
ternal factors such as impact load, which eventually led to
fracture. There were randomly distributed cavities in the
FMOCMs. Under an impact load, the internal failure modes
of the FMOCMs varied, such as tensile cracks, shear, crush-
ing, and peripheral shedding.

The fracture characteristics of the SHPB test specimens are
shown in Fig. 8. It can be seen that the crushing of the

No.
Parameter
T#HO4 T#0S5 T#06 O#04 O#05 O#06
Average strain rate /s 490 330 270 440 320 270
Dynamic compressive strength /MPa 14.56 14.37 13.42 12.81 11.94 10.99
15 4 2.0
/ —o—TH#04 - = - O#O4
4 —o—THO5 - = - OHO5 ~ Expriment
12 / —o—THOB - +- OH06 Sis{ =T
- 5 A 0
5] y \‘61 Fitti
2 1ting curve
\21 ol 3 1.6 T
2 I o —0
5
z 5 147
£ ;i
: :
Z £ 127
3 =]
1.0 L
0 T T T T T 1 ARk IR Lk I IR IR BRI
0.00 0.01 0.02 0.03 0.04 0.05 107! 10° 10" 10% 10° 10* 10° 10
Nominal Strain,e lg(e/g)
Fig. 6. Stress-strain curves of FMOCMs under dynamic compression. Fig. 7. Relationship between normalized dynamic strength and strain rate.
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(a) Regular FMOCM (b) FMOCM with solid waste 14
Fig. 8. Fracture characteristics under dynamic compression.
FMOCM with solid waste materials was more sufficient than 0 0 : > : ) :

that of the regular FMOCM under a uniaxial impact load with
the strain rate of 270 s™'. When the strain rate was greater than
400 s, the samples with and without recycled materials and
wood flour had a serious crushing failure with peripheral
shedding. Both samples were crushed into blocks of different
sizes. Therefore, with an increase in the strain rate, the frac-
ture degree of the FMOCM was more intense, and the num-
ber of small particles increased. By collecting fragments from
T#04 and O#04 after the tests, it was found that the frag-
ments had obvious self-similarity using standard sieves of
0.00625, 0.0125, 0.25, 0.50, 0.75, 1.00, 1.50, 2.00, 3.00, 4.00,
and 5.00 mm to screen the broken particles of the FMOCMs,
which can be explained by fractal theory. The screening res-
ults are shown in Figs. 9 and 10. The weighted average value

14 g

O#0T—

Fig. 9. Results and classification of fragments.
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Particles Size(mm)

Fig. 10. Statistical curves of screening results.

of each particle size content was taken as the average frag-
mentation degree d,, of an FMOCM after screening and is

defined as
> nd)

-
2"

where d; is the corresponding mesh size of each particle size,
and r; is the cumulative percentage of the mass of each
particle size.

Based on the screening results shown in Fig. 10 and Eq. (13),
the d,, of the FMOCMs with and without solid waste materi-
als were 2.72 and 2.73 mm, respectively. Both average frag-
mentation degrees were basically the same, indicating that the
recycled materials and wood flour did not improve the tough-
ness of the material at high strain rates (400 s™)but re-
placed some natural mineral materials.

(13)

4 Conclusions

The effects of solid waste materials on the properties of
FMOCM were investigated through mechanical and screen-
ing tests. The results showed that the internal pore microstruc-
tures of the FMOCM underwent significant changes, and the
pore sizes were reduced by half owing to the addition of re-
cycled materials and wood flour that greatly improved the
quasi-static strength of the FMOCM by 54%. For the regular
FMOCM, the dynamic strength almost doubled and exhibited
an obvious strain rate effect. However, the addition of solid
waste materials weakened the strain rate effect. According to
fractal theory, the fragment degree of the FMOCMs exhib-
ited obvious similarities at high strain rates. When the strain
rate was 270 s or less, the FMOCM with solid waste materi-
als showed better toughness compared to the more serious
fracture of the regular FMOCM. Consequently, magnesium
oxysulfide cementitious materials are promising candidates
for preparing high-performance building materials using sol-
id waste materials.
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