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Abstract: The relationship between fly ash (FA) and silica
fume (SF)-modified magnesium phosphate cement (MPC) at
varying temperatures remains unclear. In this study, the
mechanical properties and damage characteristics of FA-
and SF-modified MPC at 20-1,000°C were analysed through
uniaxial compression tests. The results indicate that the
compressive strength of MPC diminishes at varying tem-
peratures, while FA and SF can enhance the compressive
strength of MPC following exposure to high temperatures.
In addition, with an increase in the temperature, the peak
strain of MPC increased, and the deformation modulus first
decreased and then increased. At 1,000°C, the deformation
modulus of MPC was 5.09-10.92 GPa. The proposed damage
constitutive model can predict the mechanical parameters
of FA- and SF-modified MPC at different temperatures. The
total damage variable reflects an “S-shaped” change trend
under the action of axial compression loads. MPC exhibited
irreversible initial temperature damage after being treated
at different temperatures. More specifically, the tempera-
ture damage variable first increased and then decreased
by increasing the temperature. At 600°C, the temperature
damage variable exceeds 30% of the total damage variable
associated with the peak strain, and at 1,000°C, it sur-
passes 10%.
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1 Introduction

Fire is undoubtedly a severe challenge building structures
face [1]. In high-temperature environments, building mate-
rials experience changes in their chemical composition
and mechanical properties, which could result in struc-
tural failure [2-4]. Magnesium phosphate cement (MPC)
is formed through the acid-base neutralization reaction
of dead burned magnesia (MgO) and soluble phosphates
in contact with water. The main hydration product is an
amorphous magnesium phosphate complex, MgKPO,-6H,0/
MgNH,PO,-6H,0 (struvite), which is the MPC system that
produces the root of the gelling properties [5-8]. The respec-
tive hydration process is shown in Egs. (1) and (2). In com-
parison to ordinary Portland cement, MPC possesses the
comparative advantages of fast hardening, early strength
[9,10], good environmental adaptability [5], good volume
stability [11], and good bonding performance with old con-
crete [12]. It is mainly used in the fields of rapid repair [13],
biomedical engineering [14], solidification of heavy metals,
and radioactive waste [15].

MgO + KH,PO4 + 5H,0 — MgKPO, - 6H,0(K-struvite), (1)
MgO + NH,H,PO, + 5H,0 — MgNH4PO4

- 6H,0(struvite),

v

Fly ash (FA) and silica fume (SF) are two prevalent
industrial by-products that are often integrated into
cement concrete as supplementary cementing materials
to lower CO, emissions [16,17], decrease energy consump-
tion [18], and enhance the performance of cement concrete
[16,19-22]. To improve the performance of MPC, as well as
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to reduce the preparation cost, FA, SF, and other admix-
tures are usually incorporated during the preparation pro-
cess [16,17]. FA and SF can reduce the exothermic heat of
hydration, improve the compressive strength, and opti-
mize the pore structure when incorporated into MPC
[18-21]. At the same time, SiO, in FA and SF participates
in the hydration reaction of MPC to form MgSiO; gel, thus
improving the micro-morphology of MPC and filling the
cracks and pores of the matrix [23]. In recent years, with
the application of MPC in high-temperature environments
as a refractory material and steel fireproof coating [24,25],
its high-temperature resistance has attracted the attention
of the scientific community. Li et al [26] found that high
temperatures led to dehydration of the hydration products
of MPC, decreased the compressive strength, and increased
the mass loss by placing the MPC at 130, 500, and 1,000°C.
Dai et al. [27] found that borax reacted with MgO to form
magnesium borate (Mg3B,0¢) at about 800°C. The authors
reported that when the temperature was higher than
900°C, Mg3B,0¢ formed a liquid phase to fill the pores,
which reduced the porosity of MPC and improved the com-
pactness of MPC after being treated at high temperatures.
Moreover, the compressive strength of the MPC doped with
15% borax at 1,100°C reached 95.2 MPa, which was three
times higher than that of the MPC doped with 3% borax.
Gardner et al [28] measured the performance of MPC
doped with FA and slag (GBFS) at 400-1,200°C, pointing
out that MPC mixed with FA and GBFS did not exhibit
peeling or cracking and had good volume stability. At the
temperature value of 400°C, MgKPO,-6H,0 dehydrated to
MgKPO,; and at the temperature range from 1,000 to
1,200°C, magnesium olivine (Mg,SiO4), spinel (MgAl,0,),
leucite (KAISi,Og), and other phases were generated. Zhang
et al. [29] found that MPC mixed with calcium aluminate
cement produced MgAl,0, at high temperatures, with a
denser microstructure and increased compressive strength.
Fang et al [30] utilized MPC as a flame-retardant coating and
found that MPC absorbs some heat after dehydration of
hydration products at high temperatures, which plays a
role in delaying the spread of fire. It has also been reported
in the literature that the incorporation of active oxides, such
as Al,Os and SiO, can improve the high-temperature resis-
tance of MPC [31].

Table 1: Oxide composition of the used raw materials
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From the abovementioned analysis, it can be inferred
that the research on the high-temperature resistance of
MPC mainly focuses on the basic mechanical properties
and microstructure. However, the constitutive relationship
between FA- and SF-modified MPC after the application of
various treatment procedures at different temperatures
has been seldom examined. Nevertheless, the latter is con-
sidered of great importance for structural design and ana-
lysis. Therefore, to further study the basic mechanical
properties and stress—strain relationship of MPC after
being treated at different temperatures, uniaxial compres-
sion tests on FA- and SF-modified MPC at various tempera-
tures were conducted in this work. Based on damage
mechanics theory and the principle of equivalent stress,
combined with the stress—strain curve, the axial compres-
sion damage constitutive model of FA- and SF-modified
MPC after action at different temperatures. The impact of
temperature on the compressive strength, peak strain, and
deformation modulus of MPC were also analysed. The
damage evolution law of MPC under axial compression
load after action at different temperatures was thoroughly
investigated. Our work provides a theoretical basis for the
evaluation of the bearing performance of MPC under such
conditions.

2 Raw materials and test methods

2.1 Raw materials

The MPC used herein was composed of magnesium oxide
(MgO, M), potassium dihydrogen phosphate (KH,PO,4, P),
borax (Na,B40,10H,0, Br), FA, and SF in a certain propor-
tion. Table 1 lists the oxide content of MgO, FA, and SF.
Figure 1 shows the particle size distribution of MgO, FA,
and SF, with an average particle size of 96.88, 86.76, and
13.74 um, respectively.

2.2 Mix design

The MPC mix ratio is listed in Table 2. M/P was in a molar
ratio of 6:1, the borax (Br) content was 0.09 (Br/M) of the

Oxide composition MgO Sio, Al,03 Ccao Fe,03 Na,O0 K,0 Others
MgO (%) 86.96 6.29 0.07 1.22 0.60 2.64 0.63 1.59
FA (%) 2.77 48.08 22.70 15.17 4.45 2.01 1.53 3.29
SF (%) — 92.72 3.4 0.26 — 0.72 0.83 2.06
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Figure 1: Particle size distribution of the raw materials.
Table 2: MPC mix proportion
Specimen types M/P Mix proportions (wt%) W/B Br/M
M+P SF FA
Mo 6:1 100 0 0 0.6 0.09
F1 6:1 90 0 10 0.16 0.09
F2 6:1 80 0 20 0.16 0.09
F3 6:1 70 0 30 0.16 0.09
F4 6:1 60 0 40 0.16 0.09
S1 6:1 95 5 0 0.16  0.09
S2 6:1 90 10 0 0.16 0.09
S3 6:1 85 15 0 0.16 0.09
S4 6:1 80 20 0 0.16  0.09
a 61 90 5 5 0.16 0.09
c2 6:1 80 10 10 0.16 0.09

Note: B = MgO + KH,PO, + FA/SF/(FA+SF).

total mass of MgO, and the water-binder ratio W/B was
0.16. The FA/(M + P) was 10, 20, 30, and 40%, and due to
the low density of SF, it was extremely difficult to form the
SF doping greater than 20% during the preparation pro-
cess; therefore, the SF/(M + P) was 5, 10, 15, and 20%, respec-
tively. FA + SF/(M + P) was 10 and 20%, respectively, and FA
+ SF was 5% + 5% and 10% + 10%, respectively.

2.3 Specimen preparation

The size of the MPC specimen was 40 mm x 40 mm x
40 mm. The following preparation process was applied:
first, the weighed MgO, KH,PO,, Br, FA, and SF were put
into the stirring pot and slowly stirred for 1 min to ensure
even dispersion; next the mixture was slowly stirred with
water for 30 s, and then quickly stirred for 1 min; the MPC
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slurry was poured into the mould and put on the vibration
table. After the surface of the specimen was free from
obvious bubbles, the excess slurry was scraped off and
compacted using a scraper. After 1h, the mould was
removed, and the specimens were placed in a room at a
temperature of (20 + 2)°C and a relative humidity of (50 +
5)% for 28 days.

2.4 Temperature rise system

The heating process is depicted in Figure 2. Under the tem-
perature action, part of the water in the specimen was
evaporated to avoid the water vapour gathering in the
closed furnace and failing to volatilize, which could lead
to the explosion of the furnace due to the high moisture
content. The MPC specimen that was subjected to natural
curing for 28 days was placed in an oven at 105°C for 24 h;
then, the specimen was taken out and placed in a room for
6 h. The specimen was placed in the crucible frame and,
finally, in the muffle furnace for high-temperature testing.
The heating rate is 10°C-min”%, and the specimen was
heated to 200, 400, 600, 800, and 1,000°C for 3 h. After 3h,
the specimens were removed and placed in an indoor
environment for 24 h; finally, uniaxial compression tests
were carried out.

2.5 Uniaxial compression test

The MTS servo-hydraulic loading system loaded with the
MPC specimens were subjected to high temperatures. The

28-day of natural
conservation MPC

l

Drying at 105°C i High temperature test | :
IE—— i process :
High temperature
furnace heating i : -
(200-1000°C)

]

Leave to stand for i : MPC specimens after
24h i | high-temperature action

Figure 2: Flow chart of the high-temperature tests.
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Figure 3: Flow chart of the uniaxial compression test.

loading mode was controlled by force, and the loading
rate was set at 0.5kN-s™’. The loading system’s sensor
measured the load and deformation, and the deformation
accuracy was +1%, as displayed in Figure 3. Preloading
was performed before each load, and the data were col-
lected when stress and strain were increased in direct
proportion.

3 Experimental results and
discussion

3.1 Apparent characteristics

The apparent characteristics of the MPC specimens after
action at different temperatures are illustrated in Figure 4.
As can be seen, MPC can still maintain good volume integ-
rity after being treated at different temperatures, and no
burst phenomenon occurred in the high-temperature test.
The apparent colours of MO and F2 under natural curing
were reddish brown and light yellow, respectively. Addi-
tionally, a small difference in the apparent characteristics
of the specimens after action at different temperatures was
detected, with only a tiny number of micro-cracks being
generated on the surface of M0. Both S4 and C2 were black
under natural curing, and the apparent change in the spe-
cimen was not evident at temperatures below 600°C. When
the temperature exceeded the value of 800°C, the S4 spe-
cimen gradually changed to greyish-white and exhibited
obvious penetrating cracks; the cracking phenomenon of
the C2 specimen was less than that of S4.
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3.2 Compressive strength

Figure 5 displays the compressive strength of MPC after
being treated at different temperatures. As can be
observed, when the temperature was 20°C, the compres-
sive strength of MPC was between 29.83 and 50.81 MPa.
Moreover, the incorporation of FA and SF improved the
compressive strength of MPC, among them, the compres-
sive strength of S2 was the largest, at 50.81 MPa, which was
70.3% higher than that of M0. The maximum compressive
strength of F2 in MPC containing FA was 39.32 MPa, which
was 31.8% higher than that of M0. For MPC with co-doped
FA and SF, the compressive strength of C1 was the largest,
at 45.09 MPa, which was 51.2% higher than that of M0. The
reasons for the improvement in the compressive strength
of MPC by FA and SF are as follows: (i) The particle size of
FA and SF is relatively small, which can improve the pore
structure and micro-cracks of MPC by filling and
improving the compactness of MPC specimens [32]. (ii)
The active oxides, such as Al,0; and SiO,, in FA and SF
will react with the unreacted MgO and KH,PO, in MPC to
form KAISi,O¢ and MgSiOs. The latter material configura-
tions have good chemical compatibility with struvite and
contribute to the formation of an interconnected micro-
structure [23,33,34]. Furthermore, at different tempera-
tures, the compressive strength of MPC decreased. At
105°C, the compressive strength of MPC decreased the
most. The decrease was between 22 and 45.4%, which
was attributed to the evaporation of free water inside
MPC and the shedding of MgKPO,6H,0 bound water at
105°C, leading to an increase in the number of pores inside
the specimen and the internal defects [29,35]. In the tem-
perature range of 200-600°C, the compressive strength of
MPC still continued to decrease, but the decrease in ampli-
tude was reduced. At 600°C, the minimum compressive
strength of MO was 11.58 MPa, which was 38.8% of the
strength of the natural curing; the compressive strengths
of F1-F4 were 12.54, 13.15, 12.36, and 12.75 MPa, respectively,
which were 8.3, 13.6, 6.7, and 10.1% higher than those of
MO; and the compressive strengths of S1-S4 were 16.38,
17.83, 20.24, and 16.98 MPa, respectively, which were
41.5, 54.0, 74.8, and 46.6% higher than those of MO;
and the compressive strengths of C1 and C2 were 18.16
and 18.41 MPa, respectively, which were 56.8 and 59.0%
higher than that of MO, respectively. When the tempera-
ture was 1,000°C, the compressive strength of MPC increased to
a certain extent. The compressive strengths of F1-F4 were 20.79,
2247, 2118, and 17.91 MPa, respectively, which were 37.6, 48.7,
402, and 185% higher than that of MO; the compressive
strengths of S1-S4 were 23.69, 25.39, 23.59, and 21.73 MPa, respec-
tively, which were 56.8, 68.0, 56.1, and 43.8% higher than that of
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Figure 4: Apparent characteristics of MPC after being treated at different temperatures. (a) MO, (b) F2, (c) S4, and (d) C2.

MO, respectively; and the compressive strengths of C1 and C2
were 29.57 and 30.81 MPa, respectively, which were 95.7 and
103.9% higher than that of M0. This is because when the
temperature was 1,000°C, the MPC was sintered and melted,
resulting in a denser microstructure of the MPC, which
improved the compressive strength [27,35]. This result indi-
cated that FA and SF can improve the compressive strength
of MPC after being treated at high temperatures, and the
high-temperature resistance of MPC modified by an equal
proportion of FA and SF is the best.

Through regression analysis, the relationship between
the dimensionless compressive strength and temperature
can be obtained, as shown in Figure 6. In the figure, f, and
ch represent the compressive strength of MPC after natural
curing at different temperatures, respectively; T refers to

the action temperature; aq, a, a, as, anda, are the
model coefficients, as presented in Table 3.

3.3 Peak strain

Figure 7 shows the peak strain of MPC after being treated
at different temperatures. As can be observed, during the
implementation of natural curing, the maximum peak
strain of S2 was 4.38 x 1073, and the minimum peak strain
of MO was 2.39 x 10>, The peak strain of MPC with mineral
admixtures was higher than that of MPC without admix-
ture. This effect could be ascribed to the fact that the FA
and SF particles have a relatively rounded surface and are
attached to the pores of the MPC and the FA and SF
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Figure 5: Compressive strength of MPC after being treated at different temperatures. (a) FA-modified MPC, (b) SF-modified MPC, and (c) FA- and

SF-modified MPC.
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Figure 6: Comparison of the experimental test and model predicted

compressive strength results.

particles between the hydration products. As a result, the
rapid development of microcracks and increased deforma-
tion under loading are induced [32,36].

Although the peak strain of MPC increased with the
temperature, this effect was insignificant. When the acting
temperature was 20—-400°C, the peak strain of M0 gradually
increased with increases in the temperature. At 400°C, the
peak strain of MO and MPC mixed with FA reached the
maximum value, where M0 was 4.50 x 1073, which was
88.3% higher than that of natural curing; the peak strain
of MPC with 10-40% FA was 4.57 x 107, 4.08 x 1073, 4.02 x
1073, and 4.09 x 1073, respectively, which was 29.8, 11.2, 40.1,
and 43.5% higher than that of natural curing. When the
temperature exceeded 600°C, the peak strain of MPC with
SF was significantly higher than that of other groups. At
800°C, the peak strain of MPC with 5% SF reached the
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Table 3: Related parameters of the compressive strength prediction model

Group ag a; a, as a, R2
MO 110518 -0.0049 1.2094 x 107° -1.2904 x 1078 51073 x 107" 0.98851
F1 1.04435 -0.0041 11492 x 107° -1.5286 x 1078 7.4917 x 1072 0.93809
F2 1.08471 -0.0059 1.8452 x 107° -2.4852 x 1078 1.1821 x 107" 0.96223
F3 1.04786 -0.0039 1.0353 x 107° -1.2860 x 1078 6.0738 x 107" 0.96369
F4 1.03527 -0.0029 4.4876 x 107° -2.7630 x 107° 7.1126 x 1072 0.96926
S1 1.06314 -0.0044 11841 x 10™° -1.4106 x 1078 6.2479 x 1072 0.97061
S2 1.07335 -0.0056 1.6805 x 10™° -2.1290 x 1078 9.5239 x 107" 0.95181
s3 1.07189 -0.0054 17127 x 107° -2.2071 x 1078 9.8093 x 1072 0.9477
S4 1.02585 -0.0024 6.1344 x 107° -9.0798 x 107° 4.8879 x 1072 0.98177
C1 1.06479 -0.0054 1.4689 x 107> -1.5935 x 1078 6.2828 x 10712 0.92447
(@) 1.03103 -0.0036 8.1304 x 107° -7.4109 x 107° 2.5753 x 107" 0.84602
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Figure 7: Peak strain of MPC after being treated at different temperatures. (a) FA-modified MPC, (b) SF-modified MPC, and (c) FA- and SF-mod-

ified MPC.
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Figure 8: Comparison of peak strain results predicted by the test and
model.

maximum value, which was 31.4% higher than that of the
natural curing. At 1,000°C, the peak strain of MPC with
10-20% SF reached the maximum value of 9.1, 9.7, and
17.8% higher than that of natural curing. The peak strain
of MPC with an equal proportion of FA and SF slightly
fluctuated over the entire temperature range and reached
a maximum at 1,000°C, which was 102 and 101% of that
through natural curing, respectively.

elle is defined as the dimensionless peak strain. The
relationship between the dimensionless peak strain and
the temperature can be obtained through nonlinear regres-
sion analysis, as depicted in Figure 8. In the formula, & and
&l stand for the peak strains of MPC after natural curing
and after action at different temperatures, respectively; T
represents the action temperature; and by, by, by, bs, and by
are the model coefficients, as listed in Table 4.

Table 4: Related parameters of the peak strain prediction model
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3.4 Deformation modulus

When calculating the deformation modulus, to reduce the
influence of the micro-curve rising section before the
elastic stage of the stress—strain curve rises, the deforma-
tion modulus between the 0% peak stress and the 90%
peak stress in the stress—strain rising section was taken,
as shown in Eq. (3).

090 ~ 0o

E= s
€90 ~ &

3
where E denotes the deformation modulus; gy and gy cor-
respond to 90 and 0% of the peak stress, respectively; and
&99 and &y denote the strains corresponding to the 90% peak
stress and 0% peak stress, respectively.

The deformation modulus of MPC after action at dif-
ferent temperatures is shown in Figure 9. As can be seen,
the deformation modulus of MPC ranged from 10.37 to
12.75 GPa during natural curing, and the highest deforma-
tion modulus ratio is M0, indicating that the incorporation
of FA and SF reduced the deformation resistance of MPC.
With the decrease in the temperature, the deformation
modulus exhibited first a trend of decreasing and then
increasing, and the deformation modulus of MPC after
action at different temperatures was lower than that of
natural curing. In the range of 105-400°C, the deformation
modulus of MO decreased by increasing the temperature,
and the deformation modulus of M0 at 400°C was the smal-
lest, which was 25.4% of that after natural curing. On the
contrary, the deformation modulus of M0 at 600-1,000°C
gradually increased by increasing the temperature, and
the deformation modulus of M0 at 1,000°C was 5.60 GPa,
which was 43.9% of that after natural curing. The deforma-
tion modulus of FA-modified MPC after being treated at

Group by by b, b3 by R?

MO 2.39166 0.00522 1.0953 x 107° -3.9527 x 1078 23778 x 107" 0.88803
F1 3.62634 -0.00517 47922 x 107° -9.9697 x 1078 5.4632 x 107" 0.94628
F2 3.85212 -0.00928 4.8370 x 107° -8.0706 x 1078 41069 x 107 0.81052
F3 2.73487 0.01199 -2.9678 x 107> 2.0747 x 1078 -1.880 x 107" 0.91436
F4 2.75968 0.00938 -2.3321x107° 2.1046 x 107° -6.028 x 107" 0.80576
S1 3.85998 -0.00393 1.3302 x 107° 2.9689 x 1078 -2.356 x 107" 0.91587
S2 4.51475 -0.00825 2.9593 x 107° -3.4407 x 1078 1.6746 x 107" 0.97614
s3 4.24582 -0.00574 9.5356 x 107® -3.2428 x 107° -3.414x 107 0.95265
S4 4.01972 -0.00121 5.3542 x 1077 52731 x 107° -3.986 x 107" 0.97669
C1 3.91996 -0.00716 -2.0176 x 10> 42412 x 1078 -2.188 x 107" 0.85901
c2 3.73708 0.00168 -1.3841 x 107° 2.0498 x 1078 -8.234x 107" 0.83724
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Figure 9: Deformation modulus of MPC after being treated at different temperatures. (a) FA-modified MPC, (b) SF-modified MPC, and (c) FA- and

SF-modified MPC.

different temperatures was basically the same as that of
MO, which decreased to the lowest at 400°C, and the defor-
mation modulus of F1-F4 were 31, 35.4, 39.0, and 25.4% of
that after natural curing, respectively, at 600-1,000°C.
Besides, the deformation modulus of FA-modified MPC
increased by increasing the temperature, at 1,000°C, and
the deformation modulus of F2 reached 7.88 GPa, which
was 69.0% of that after natural curing. The deformation
modulus of SF-modified MPC decreased to the lowest at 800°C,
and the deformation modulus of S1 to S4 were 38.8, 43.0, 52.4,
and 34.9% of that after natural curing, respectively. At
1,000°C, and the deformation modulus of S3 reached
6.99 GPa, which was 59.0% of that after natural curing.
The deformation modulus of MPC mixed with FA and SF
decreased to its lowest value at 600°C, which was 62.4 and
56.8% of that after natural curing, and at 1,000°C, and the

deformation modulus of C1 and C2 were 10.51 and 10.92 GPa,
respectively, which were 88.8 and 90.6% of that after natural
curing. From the abovementioned analysis, it can be argued
that MPC can still maintain a high deformation modulus
after experiencing a temperature of 1,000°C because the
high temperature causes MPC to form a denser microstruc-
ture and improves its deformation resistance [27].

ET|E. is defined as the dimensionless deformation mod-
ulus. The relationship between the dimensionless deforma-
tion modulus and the temperature can be obtained through
nonlinear regression analysis, as shown in Figure 10. In the
figure, E. and E! represent the MPC deformation modulus
under natural curing and MPC deformation modulus under
action at different temperatures, respectively; T stands for
the operating temperature; and ¢y, ¢, ¢, ¢, and ¢, are the
model coefficients, as listed in Table 5.
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Figure 10: Comparison of the deformation modulus predicted by the test
and model.

4 MPC uniaxial compression
damage constitutive model

4.1 Stress-strain curve

Figure 11 shows the stress—strain curves of MPC after being
treated at different temperatures. As can be seen, the
stress—strain curve of MPC rapidly decreased after
reaching the peak point during natural curing. After being
treated at different temperatures, the slope of the rising
section of the stress—strain curve of MPC became smaller,
and the rate of decline tended to become gentle. When the
temperature increased from 105 to 600°C, the stress—strain
curve gradually flattened, and the peak point obviously
decreased and shifted to the right. This effect indicated
that the peak stress of MPC decreased, the peak strain
increased, and the deformation modulus decreased.
When the temperature rose from 600 to 1,000°C, the

DE GRUYTER

convex after the high-temperature sintering reaction, the
peak stress increased, the peak strain decreased, and the
deformation modulus increased.

4.2 Establishing the constitutive model

According to Lemaitre’s [37] strain equivalence principle,
the strain caused by the effective stress * on the non-
destructive material can be expressed as the strain caused
by the nominal stress o on the damaged material. Based on
this, the axial compression damage constitutive relation of
MPC after high-temperature action can be expressed by
using Egs. (4) and (5) [38—40].

@
5)

El = E(1 - D)),
ol = E(1 - D)'e/,

where o] is the stress of MPC after high temperature, &
denotes the strain, and D! refers to the damage variable of
MPC after different temperatures. The parameters i and j
are model parameters.

After the application of different temperatures, the
damage of MPC specimens under axial compression load
can be divided into two parts: chemical damage caused by
temperature and physical damage caused by axial com-
pression load. According to the principle of strain equiva-
lence, the damage constitutive relation of MPC under axial
compression load after different temperatures can be
expressed as follows [41,42]:

0 =E/(1- D¢, 6

where D, is the damage variable caused by the load.
Substituting Eq. (4) in Eq. (6), the constitutive relation-

ship of MPC axial compression damage after action at dif-

ferent temperatures can be expressed as follows [39]:

— _ T _ T\liej
stress—strain curve of MPC gradually changed from flat to 0 =E{l-(Dc+D; - DD:)le, @
Table 5: Related parameters of the deformation modulus prediction model
Group Co [} Cy C3 Cy R?

MO 12.4256 0.00758 -1.6784 x 107 3.0493 x 1077 -1.515 x 107" 0.95471
F1 12.4162 -0.06036 1.6592 x 1074 -2.0214 x 107”7 91323 x 107" 0.87448
F2 11.93083 -0.04446 1.0374 x 1074 -1.1685 x 1077 53512 x 107" 0.92076
F3 13.00125 -0.05992 13522 x 1074 -1.1816 x 1077 3.5640 x 107" 0.9504

F4 13.36831 -0.07089 1.7509 x 1074 -1.7461 x 1077 6.2188 x 107" 0.8994

S1 11.93835 -0.05126 1.8077 x 1074 -2.0645 x 1077 1.2566 x 1070 0.88397
S2 13.29973 -0.05443 1.6411 x 107 -2.1484 x 107”7 9.8450 x 107" 0.98894
s3 12.27512 -0.05141 1.8730 x 1074 -2.6699 x 1077 1.2587 x 107"° 0.83145
S4 10.48497 -0.00367 -1.4357 x 10> -8.515 x 107"° 1.3635 x 107" 0.99334
o 12.63462 -0.05106 1.6840 x 1074 -2.1912 x 1077 9.9722 x 107" 0.89946
Q 12.49862 -0.03451 7.2538 x 107° -6.1764 x 1078 22223 x 107" 0.95465
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Figure 11: (Continued)

where D is defined as the total damage variable of MPC
after action at different temperatures, which can be
expressed as follows:

D =D, +D!-DD!. ®

Then, Eq. (7) can be simplified to the following expression:

o = E.(1 - D)ie/. )

According to the macroscopic phenomenological damage
mechanics, the degree of damage deterioration inside the
MPC can be characterized by its macroscopic physical and
mechanical properties. According to Eq. (4), the damage
variable of MPC after action at different temperatures
can be expressed as follows [38,39]:

E

. (10)
E

D=1
During the process of pouring and hardening, various
defects are inevitably induced within MPC, such as micro-
pores and microcracks. When subjected to loading, the
damage caused by the various defects is also randomly
distributed within the active core of the MPC materials
[42]. Considering that the damage to MPC during the

loading process is continuous, MPC can be regarded as a
whole composed of numerous small meso-elements, and its
damage degree is related to the cumulative damage
number of each meso-element. It can be assumed that
the strength ¢(¢) of each meso-element of MPC obeys the
Weibull distribution, and its probability density function
can be expressed as follows [38,40,41]:

a

11
P (1

’

afe)?
o(e) = 7[}] exp

where a and A are the Weibull distribution parameters.
During the process of the MPC axial compression test, it
can be assumed that the number of micro-elements destroyed
by MPC under a certain level of pressure load is n. In addition,
the damage variable D, caused by loading can be defined as
the ratio of the number of micro-elements destroyed to the
total number of micro-elements. Therefore, the damage vari-
able D, caused by loading can be expressed as follows [39]:

D.=—,

N (12)

where N is the total number of micro-elements of the MPC
specimen.
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Under a certain axial compression load, the number of
micro-elements damaged n and the total number of micro-
elements N in MPC can be expressed as follows:

i]“
p

The damage variable D. of MPC under loading can be
expressed using Egs. (12) and (13).

£ a

il

By substituting Eqs. (10) and (14) in Eq. (8), the total damage
variable D of MPC under loading at different temperatures
can be obtained, which is expressed by Eq. (15).

£ a
il
By substituting Eq. (15) in Eq. (9), the MPC axial compres-

sive damage constitutive model modified by FA/SFs at dif-
ferent temperatures can be obtained.

1-exp

n = NI(p(x) =N ] 13)
0

D.=1-exp (14)

T

E
D=1-—exp
C

1
I3 (15)
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4.3 Physical interpretation and variation in
the constitutive model parameters

When other conditions remain unchanged, the impact of
parameters a, A, i, and j on the axial compression stress—
strain curve of MPC is illustrated in Figure 12(a)-(d). The
parameters a and A are Weibull distribution parameters,
and from Figure 12(a) and (b), it can be observed that with
an increase in parameters a and 4, the shape of the stress—
strain curve exhibits no obvious changes; the peak strain
and peak stress decrease with increasing parameter a,
increase with a further increase in the parameter A. The
parameter i is a parameter describing the brittle charac-
teristics of the MPC stress-strain curve. As can be seen
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Figure 12: Physical interpretation and variation law of MPC axial compression constitutive model parameters. (a) parameter a, (b) parameter A,

(c) parameter i, (d) parameter j.
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Figure 13: Comparison of FA/SF modified MPC axial compression constitutive model and experimental results after being treated at different
temperatures. (a) MO, (b) F1, (c) F2, (d) F3, (e) F4, (f) S1, (g) S2, (h) S3, (i) S4, (j) C1, and (k) C2.



DE GRUYTER Axial compression damage constitutive model of FA/SF-modified MPC == 15
50 60
it @ — = Test curve = G — —: Test curve
a — : Proposed model & sof = : Proposed model
E 40 ’ =
S T-20°C ~ \
v 35 2 a0t 7\ T-20°C
23} N 7-705°C £ |
b 17
o 25+ 7-200°C © 30r s
> T-4 o .- >
Z 20 S 7-400°C % 2 T-1000°C
8 T-1000°C 2 201
2 2 ) \ 1-105°C
g 10 § 1or T-400 (k e
T-400°C
O s sS4 © c1
NS L 0 . . . . . . .
0 1 2 3 4 5 6 7 8 9 10 11 ot 2 3 4 5 6 7 8
Strain (x10-3) Strain (x10-3)
60
®) — —: Test curve
s0F —— : Proposed model
A T-20°C

[\ w s
S (=] S
T T T

Compressive stress (MPa)
=

/\-\\%T_MSOC
/ 7-200°C
/ 1'.4003(‘ A

|
| T-1000°C

Strain (x10-3)
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from Figure 12(c), as the value of parameter i increases, the
proportion of the elastic rising stage of the stress—strain
curve increases. However, the slope of the falling section of
the curve increases and the rate of decline becomes bigger.
Parameter j reflects the peak stress of MPC. It can be seen
from Figure 12(d) that, with an increase in parameter j, the
stress—strain curve is not significantly changed, and the
peak stress significantly increases.

4.4 Comparison of constitutive model and
experimental results

The axial compression constitutive model Eq. (16) for MPC
established in this work after the action at different tem-
peratures was compared with the stress—strain relation-
ship obtained from the tests, as shown in Figure 13. As
can be seen from Figure 13, the predicted curve of the
MPC axial compression constitutive model after being
treated at different temperatures is basically consistent
with the test curve, and the predicted curve is more con-
sistent with the test curve in the rising stage. Table 6

presents the relevant parameters of the prediction model.
It can be observed that the correlation coefficient of the pre-
diction model increased when the temperature increased.
Moreover, the correlation coefficient of the prediction model
was more than 0.98 for the best prediction effect when it was
greater than 600°C, and when it was less than 600°C, the
correlation coefficient of the prediction model was greater
than 0.97. Therefore, the established axial compression con-
stitutive model can better predict the axial compression
stress—strain relationship of FA- and SF-modified MPC after
20-1,000°C temperature action.

4.5 Evolution characteristics of the damage
variables

According to the Eq. (15), the total damage variable D value
of MPC under axial compression after action at different
temperatures can be calculated. Figure 14 depicts the rela-
tionship between the total damage variable D of MPC and
strain €. As can be observed from Figure 14, the D value
(De,max) corresponding to the peak strain of M0 at 20°C was
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Table 6: Related parameters of the MPC axial compression constitutive model after being treated at different temperatures

Group Data in formula 20°C 105°C 200°C 400°C 600°C 800°C 1,000°C
MO a 2.70792 47324 6.58195 4.83253 4.64435 3.93891 3.16157
A 6.86501 6.79094 5.34176 4.87834 3.79528 1.56654 5.55609
i 0.13536 3.60895 4.43173 0.46644 0.25981 0.01924 2.51056
J 1.29866 1.18796 1.0475 1.25497 1.33974 1.10882 1.01706
R 0.98305 0.99759 0.99941 0.99761 0.99882 0.99914 0.99803
F1 a 1.4801 3.47774 7.00308 5.6331 3.17869 2.5506 3.43412
A 4.16815 2.93743 3.60925 1.79548 1.8656 1.626 1.6688
i 0.26383 0.00169 0.19613 0.00143 0.0502 0.00328 0.00202
J 1.77684 1.24452 1.12767 1.07105 1.20034 1.46858 113119
R 0.98243 0.96989 0.99893 0.99674 0.99867 0.96605 0.99836
F2 a 11.3129 6.48902 9.40026 10.6382 3.15216 1.80652 3.97745
A 4.8615 3.76413 3.58268 4.39528 1.50786 0.79094 2.73618
i 0.00455 0.31315 0.45561 0.44475 0.0027 0.00341 0.11483
J 1.01406 1.16354 117713 1.32565 1.20198 1.45333 1.10775
R 0.99781 0.9994 0.99926 0.99893 0.99735 0.98081 0.99908
F3 a 1.24715 1.74166 10.6178 3.38509 2.0105 1.92336 3.4592
A 4.81229 1.70548 4.14265 3.43445 0.91938 0.64161 1.62984
i 1.74227 0.00502 0.19773 0.25925 0.02955 0.00317 0.00201
J 1.73942 1.58104 1.11306 1.30838 1.39841 1.33646 1.26043
R? 0.97697 0.9845 0.99845 0.99737 0.99723 0.99651 0.98352
F4 a 1.82615 13.7876 7.45736 6.5839 3.87273 4.19055 3.028
A 4.25066 418113 3.90185 3.87815 0.99408 4.17066 2.28224
i 0.00218 0.31925 0.30915 0.11732 0.00187 0.60023 0.07209
J 1.8343 0.98181 1.04189 0.89225 112863 1.24932 1.15908
R 0.98097 0.99715 0.99858 0.9901 0.99885 0.99883 0.99891
S1 a 1.28036 6.90047 2.71676 3.57079 3.3183 2.24316 2.26237
A 4.69745 3.97005 4.11784 1.24181 1.43468 1.33757 4.03899
i 0.42586 0.62664 0.01526 0.00213 0.02752 0.00234 2.11226
J 2.03071 1.13767 1.92017 1.17595 1.22959 1.24736 1.97611
R 0.97754 0.99449 0.96145 0.99814 0.99745 0.99138 0.99304
S2 a 2.80314 8.50385 13.5533 8.35397 2.00723 2.24005 2.63585
A 4.49492 4.06545 4.25418 4.01126 2.24595 1.78969 4.26578
i 0.00168 0.44833 0.38948 0.47595 0.25565 0.09061 2.45477
J 0.9945 1.08939 1.09099 1.24439 1.53286 1.32853 1.92798
R 0.99868 0.99043 0.99585 0.99805 0.98808 0.99318 0.99322
S3 a 1.37629 2.35399 4.97792 5.77777 3.95685 1.49839 1.58015
A 5.03128 3.33991 4.92436 4.1128 3.16017 2.63942 2.22671
i 0.17145 0.19967 1.45502 0.70001 0.23456 0.19144 0.26108
J 1.47531 2.47318 1.45438 1.29752 1.21327 2.81041 1.5636
R 0.98418 0.96817 0.99694 0.99721 0.99793 0.98259 0.99285
sS4 a 2.06122 2.40797 4.94293 6.98622 6.6905 1.81749 5.59891
A 5.18037 1.56252 3.8986 4.16085 3.17348 3.0843 4.74406
i 0.01017 0.00617 0.30897 0.35442 0.02415 0.28412 0.64112
J 1.23931 2.15417 113219 112333 1.04533 1.4844 1.01906
R 0.98492 0.97218 0.99771 0.99908 0.9984 0.98699 0.99761
a a 6.45876 4.75953 7.26538 2.41655 2.90407 2.13736 1.91561
A 5.48129 4.73775 3.84532 1.27158 0.87942 0.80944 2.44653
i 0.01323 1.08552 0.38072 0.00436 0.00259 0.00203 1.65447
J 1.15128 1.30006 1.19095 1.45335 1.24659 1.46703 1.55586
R? 0.98613 0.99621 0.99779 0.98968 0.99696 0.99336 0.99337
() a 1.60291 6.1153 8.95697 23.6178 3.33051 2.81507 2.87333
A 5.68325 4.63914 415913 3.89969 1.63193 5.43452 4.45684
i 0.04499 1.12101 0.6733 0.65057 0.02851 1.26957 0.83866
J 1.43242 1.18399 1.23703 1.22634 1.14621 1.46884 1.2339%

R 0.98187 0.99518 0.99646 0.99755 0.99939 0.99308 0.99765
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Figure 14: Relationship between the total damage variable (D) and strain (€) of FA/SF modified MPC after being treated at different temperatures.
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Figure 16: Comparison of DI values predicted by the experiment and
the model.

0.06; as the temperature increased, the D pax increased
and then decreased, and the inflexion point occurred at
800°C as 1.0. This result indicates that the damage to the
specimen is serious, and the value of D; y,x for MO was 0.61
at 1,000°C. The D; yax values of F1-F4 were higher than M0
at 20°C, 0.54, 0.06, 0.41, and 0.38, respectively, and the trend
of D, max Values with temperature was approximately the
same as that of M0. The D;max values of F1 reached a
maximum value of 0.99 at 400°C, and those of F2-F4 all
reached a maximum value of 1.0 at 600°C; at 1,000°C the
D, \ax Values of F1-F4 were 1.0, 0.93, 0.99, and 0.99, respec-
tively. At room temperature, the D, pax values of S1-S4
were higher than those of other groups, at 0.52, 0.61, 0.55,
and 0.44, respectively, which were 0.46, 0.55, 0.49, and 0.38
higher than those of M0. The D yax values of S1-S4 reached
a maximum at 600°C, at 1.0, 0.97, 0.85, and 0.99, respec-
tively, and 0.86, 0.83, 0.96, and 0.74 at 1,000°C. The max-
imum D, s« values of C1 and C2 also appeared at 600°C,
which were 1.0, and 0.92 and 0.44 at 1,000°C, respectively.

Table 7: DT value prediction model-related parameters
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When not loaded, the initial temperature damage exists in
the MPC after different temperatures, suggesting that the
damage caused by the temperature action of the MPC is
cumulative and irreversible. Besides, the damage variable D
remains basically unchanged at the beginning of the loading
period. By increasing the load, the damage variable D rises
with the increase in the load after a certain damage
threshold is reached in front of the peak strain, and the
overall strain &€ shows an “S-type” trend of change. By
further increasing the temperature, the rise speed of the
D value first increases and then decreases.

To further analyse the influence of the temperature on
the damage evolution characteristics of MPC, the tempera-
ture damage variable D! of MPC after the action at dif-
ferent temperatures was calculated using Eq. (10), as dis-
pelled in Figure 15. It can be seen that the temperature
damage variable D! of MPC presented a changing trend
of first increasing and then decreasing with an increase in
the acting temperature, and the rising stage was mainly
concentrated in the range of 20-600°C. This could be due to
the decomposition of MgKPO,-6H,0, the hydration product
of MPC, along with free water evaporation, which lead to
an increase in the number of pores and internal defects in
the specimen [29,35]. When the temperature was higher
than 600°C, the D! value gradually decreased owing to
the sintering effect of the temperature leading to the trans-
formation of the hydrated product crystal of MPC; this
yields a denser microstructure inside the MPC.

When the temperature was lower than 200°C, the D
value of M0 was the lowest at 105 and 200°C, with the
extracted D! values being 0.158 and 0.162, which were
83.4 and 85% of D.ax. This effect points out that the
damage to MO in this temperature range was mainly caused
by the action of the temperature. As the temperature
increased to 600°C, the temperature damage variable D
of each group of specimens reached more than 30% of the

Group dy d; d, d3 dy R?

MO 0.02705 -4.727 x 107 1.154 x 107° -2.059 x 1078 1.006 x 107" 0.96852
F1 -0.04965 0.00512 -1.403 x 107> 1.709 x 1078 -7.719 x 107 0.87448
F2 -0.04471 0.00389 -9.104 x 107° 1.027 x 1078 -4.708 x 1072 0.92096
F3 -0.06625 0.00491 -1.102 x 107> 9.537 x 107° -2.822 x 107" 0.95015
F4 -0.05267 0.00546 -1.302 x 107 1.253x 1078 -4332x 1072 0.90018
S1 -0.11174 0.00476 -1.677 x 107° 2.416 x 1078 -1.166 x 107" 0.88371
S2 -0.07101 0.00404 -1.225 x 107 1.681 x 1078 -8.164 x 1072 0.99621
S3 -0.03663 0.00434 -1.579 x 107° 2.248 x 1078 -1.059 x 107" 0.83181
S4 -0.01741 5.832 x 107 -1.705 x 1077 3.391x107° -3.463 x 1072 0.99401
1 -0.06711 0.00431 -1.422 x 107 1.851 x 1078 -8.422 x 1072 0.89946
Q@ -0.04196 0.00252 -4.357 x 107 2.682 x107° 7119 x 107" 0.96541
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De max Value. At this time, the DI value of MO was the
largest, at 0.726, which was 79.8% of D ax, and higher
than other MPC groups. The D! values of F1-F4 were
0.647, 0.599, 0.679, and 0.714, respectively, which were
65.3, 59.9, 67.9, and 71.4% of D, max and 10.9, 17.5, 6.5, and
1.7% lower than MO, respectively. The DI values of S1-S4
were 0.310, 0.533, 0.408, and 0.571, which were 31.0, 55.0,
48.0, and 72.3% of D max and lower than that of M0 by 57.3,
26.6, 43.8, and 21.3%, respectively. The DCT values of C1 and
C2 were 0.386 and 0.432, at 38.6 and 43.2% of D; yax and 46.8
and 40.5% lower than that of MO, respectively. After 600°C,
the D! value of MPC co-mixed with FA and SF was lower
than that of other MPC groups. At 1,000°C, the D values of
C1 and C2 were 0.112 and 0.094, which were 38.6 and 43.2%
of D, pax, and 20.0 and 16.7% of MO, respectively, indicating
that the MPC co-mixed with FA and SF has better high-
temperature resistance.

The relationship between the temperature damage
variable D! and the action temperature of MPC after being
treated at different temperatures was obtained by fitting
the DI values of MPC with different ratios through non-
linear regression analysis, as shown in Figure 16. In the
figure, D! denotes the temperature damage variable of
MPC after being treated at various temperatures, T repre-
sents the action temperature, and dy, dy, dy, d3, and d, refer
to the model coefficients, respectively, as listed in Table 7.

5 Conclusion

The uniaxial compression properties of MPC modified by
FA and SF at different temperatures were thoroughly
investigated in this work. Through the experimental ana-
lysis, the following conclusions can be derived:

1) The compressive strength of MPC decreased to varying
degrees at different temperatures. FA and SF can
enhance the compressive strength of MPC at elevated
temperatures, increasing it by 6.7-74.8% at 600°C and
by 18.5-103.9% at 1,000°C. A tendency for the MPC peak
to increase with the increase in temperature was
detected, but it was not significant.

2) At 20°C, the deformation modulus of MPC was 10.37—
12.75 GPa, and the deformation modulus of FA- and SF-
modified MPC was lower than that of M0. By increasing
the ambient temperature, the deformation modulus of
MPC exhibited a trend of first decreasing and then
increasing, and at 1,000°C, the deformation modulus
of MPC was 5.09-10.92 GPa.

3) Through the nonlinear regression analysis, the model pro-
posed in this work can better predict the compressive

DE GRUYTER

strength, peak strain, and deformation modulus of FA-
and SF-modified MPC after being treated at different tem-
peratures. Based on damage mechanics theory and the
principle of equivalent stress, the axial compression
damage constitutive model of MPC can better charac-
terize the axial compression stress—strain relationship
of FA- and SF-modified MPC after action at different
temperatures. The correlation coefficient of the predic-
tion model was greater than 0.97.

4) The MPC after being treated at different temperatures
exhibited irreversible initial temperature damage, and
the total damage variable D increased in an “S-shaped”
trend under the action of axial compression loading.
The temperature damage variable D! first increased
and then decreased by increasing the action tempera-
ture, and the rising section was mainly concentrated at
20-600°C. At 600°C, the DCT value reached more than
30% of the total damage variable D corresponding to
the peak strain, and at 1,000°C, and it was more than
10% of the total damage variable D corresponding to the
peak strain. There exists a strong functional relation-
ship between the D! value and temperature.
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