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A B S T R A C T   

Carbonated MgO-based Engineered Cementitious Composite (ECC) has ultrahigh tensile ductility and tight crack 
width control behavior. However, the expectation of improved fire-resistant has not been confirmed. This study 
explored the alterations to mechanical and microstructure characteristics of this material after exposure to 
temperatures up to 500 ◦C. Material mass loss, compressive strength, tensile strength, strain capacity, and matrix 
fracture toughness were measured. Scanning electron microscopy, mercury intrusion porosimetry, thermogra
vimetric analysis, and X-ray diffraction were used to probe the degradation of the cement matrix and fibers. The 
effect of elevated temperature on carbonated MgO-based ECC was further assessed via examination of the 
micromechanical behavior of the fiber-matrix. The objective of this research was to assess the performance of 
carbonated MgO-based ECC exposed to fire hazards. The tensile ductility of carbonated MgO-based ECC was 
found to be enhanced when exposed to ~100 ◦C as compared with those at room temperature ~20 ◦C. Further 
increase in exposure temperature, however, posed a negative impact on the composite compressive strength, 
ultimate tensile strength, and ability to control crack width. The results provide a useful database for further 
investigations into carbonated MgO-based ECC for fire safety enhancement.   

1. Introduction 

Engineered cementitious composites (ECC, also known as strain- 
hardening cementitious composites (SHCC)) [1,2], feature an ultra
high tensile ductility over 2% and intrinsically tight micro-crack width 
below 100 μm [2–8]. However, the higher content of ordinary Portland 
cement (OPC) in ECC leads to an undesirable higher carbon intensity 
when compared with regular concrete. In the past decades, attempts 
have been made to address this concern by substituting OPC with sup
plementary cementitious materials (e.g., fly ash, silica fume (SF), 
granulated blast furnace slag (GGBS), metakaolin (MK), and rice husk 
ash (RHA)) to improve ECC’s workability, durability and environmental 
footprint [9–12]. Among emerging alternative binders, reactive MgO 
cement is attractive due to its lower production temperatures than OPC 
[7,10,13–15]. Further, this binder gains strength by reacting with CO2 to 
form carbonated reactive magnesia cement systems (RMC) [14,16–18]. 
Previous studies reported that the RMC systems sequester substantial 
amounts of CO2 through carbonation reactions, which could further 
reduce CO2 emissions by forming a variety of hydrated magnesium 

carbonates (HMCs) [16,17]. The HMCs mainly include nesquehonite 
(MgCO3⋅H2O), hydromagnesite (Mg5(CO3)4(OH)2⋅4H2O), and dypingite 
(Mg5(CO3)4(OH)2⋅5H2O) [13]. The formation of these carbonate phases 
can reduce the porosity by expansion and then provide strength via the 
formation of a continuous network [19,20]. 

Recently, carbonated MgO-based binder has been introduced to ECC 
(MgO-based ECC) [5,10]. The carbonated MgO-based ECC attained 
excellent tensile performance, with strain capacity and ultimate strength 
reaching 4.0% and 4.1 MPa, respectively, over 1 day accelerated 
carbonation process [5,10]. The application of MgO-based ECC could 
reduce the embodied CO2 emission and raw materials cost by ~65% and 
~60%, respectively [10]. Further, the self-healing properties of 
carbonated MgO-based ECC have been investigated to provide insight 
for lifecycle analysis of energy consumption [5]. It was reported that the 
robust self-healing capability could be attributed to the tight 
micro-cracks width (less than 60 μm) and formation of nesquehonite 
hydromagnesite crystallites [5,21]. 

The carbonated MgO-based ECC is a relatively new and green ma
terial with benefits as mentioned above. Understanding its behavior 
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under aggressive environmental conditions will improve confidence in 
its utilization. Although several investigations have reported on this 
composite group [5,10,22,23] in the term of robust ductility, tight crack 
width, and self-healing capability, the behavior of carbonated 
MgO-based ECC subjected to elevated temperatures, such as under fire 
exposure, has been scarcely studied. 

The mechanical behavior of OPC-based ECC materials is known to be 
sensitive to elevated temperatures [24,25]. For abnormal and severe fire 
hazard conditions, the temperature of building structures can reach 
100–800 ◦C as specified in ISO 19706 [26]. The compressive strength of 
OPC-based ECC dropped by about 50% after exposure to 600 ◦C, and the 
tensile strength and strain capacity were reduced by up to 40% when the 
temperature increased from 100 to 600 ◦C [25]. Interestingly, no spal
ling was observed in the OPC-based ECC, although increased 
micro-pores and nano-cracks were reported at temperatures above 
200 ◦C [25,27]. Given that the HMCs and fibers in MgO-based ECC are 
essential for ensuring higher tensile ductility and tight crack widths, it is 
of interest to determine the ability of MgO-based ECC in maintaining 
these tensile properties under elevated temperatures. 

The stability of carbonated MgO-based binder has attracted re
searchers’ attention in fire-resistance performance. Theoretically, 
elevated temperature would lead to a transformation of HMCs in the 
carbonated MgO-based binder [19]. The literature on high temperature 
effects on carbonated MgO-based binder focus on the change in 
compressive strength and transformation of microstructures, and 
decomposition of various HMCs (i.e., including the dehydration, dehy
droxylation, and decarbonisation steps) when exposed to different 
ambient conditions [19,28–30]. It was shown that the carbonated 
MgO-based materials resulted in a 12% decline in compressive strength 
at 80 ◦C and a 61% drop at 550 ◦C [30]. Such compressive strength drop 
was due to the transformation of carbonates into less hydrated phases 
and CO2 gas [31]. The cracks and larger voids created by the degrada
tion and decomposition of carbonated MgO-based binder also reduce 
material strength [32,33]. The transformation of HMCs started at 
~52 ◦C by decomposing nesquehonite and then at around ~255 ◦C by 
decomposing hydromagnesite [34,35]. Although the influence of high 
temperature on the mechanical performance of carbonated MgO-based 
binder has been thoroughly investigated, none of these studies were 
performed on carbonated MgO-based ECC. As fiber reinforcement has 
been reported to mitigate the loss of compressive strength in OPC-based 
ECC [36–41], its beneficial effect on carbonated MgO-based ECC under 
high temperature is of interest and should be verified. 

The present research investigates the effects of elevated tempera
tures on the alteration of mechanical and microstructural characteristics 
of carbonated MgO-based ECC. The composite mass loss, compressive 
strength, tensile strength and ductility, and fiber, matrix, and fiber/ 
matrix interface characteristics at 20 ◦C, 50 ◦C, 100 ◦C, 200 ◦C, and 
500 ◦C, were studied. Additionally, the crack patterns and fracture 

surfaces of specimens were investigated by high-resolution optical mi
croscopy and scanning electron microscopy (SEM). Finally, the 
carbonated MgO matrix microstructure and hydration products after 
exposure to elevated temperatures were determined by mercury intru
sion porosimetry (MIP), and thermogravimetric analysis (TGA), and X- 
ray diffraction (XRD), respectively. This research fills the knowledge gap 
regarding the thermal-mechanical behavior of carbonated MgO-based 
ECC under elevated temperatures. Such data on carbonated MgO- 
based ECC should shed light on its potential for application in fire- 
resistant building structures. 

2. Materials and methodology 

2.1. Materials 

A MgO-based ECC with MgO/fly ash ratio of 1.0 and water to binder 
(MgO + fly ash) ratio of 0.52 by mass was used in this study. The mix 
proportion is given in Table 1. Light-burnt MgO conforming to ASTM 
C151 [42] requirements, Class-F fly ash per ASTM C618 [43], tap water, 
sodium hexametaphosphate (SHMP, Na(PO3)6), and superplasticizer 
(SP) were used. The light-burnt MgO (MAGOX® premium grade) passed 
the standard #325 mesh with 99.5% and #100 mesh with 100%. The fly 
ash was supplied by Headwaters Resources Inc (from Michigan, USA). 
The oxide compositions of the MgO and fly ash are listed in Table 2. As 
SHMP could significantly reduce free water consumption and enhance 
the dispersion capacity of the SP [44], SHMP (from Alfa Aesar™) and SP 
(from W.R. Grace & Co.) were utilized in combination to achieve suffi
cient workability for the fresh mixture. The 8 mm long PVA fibers (from 
Kuraray Ltd., Japan) with maximum elongation of 6%, Young’s modulus 
of 42.8 GPa, density of 1300 kg/m3, and coated with 1.2% oil were used 
in this study. 

2.2. Sample preparation 

The MgO-based ECC mixtures were mixed in a 4-L capacity mixer. 
The dry ingredients, including reactive MgO and fly ash, were first 
mixed for 2 min at a speed of 100 r/min. The pre-mixed SHMP-SP so
lution was then added to the dry ingredients and was further mixed for 3 
min at a speed of 150 r/min to produce a uniform paste. Finally, the PVA 
fibers were added slowly into the mixture which was mixed for an 
additional 5 min until reaching a good fluidity. The fresh MgO-based 
ECC mixtures were cast into cubic and dogbone-shaped molds (Fig. 1), 
as described in Wu et al. [10]. These molds were sealed with a plastic 
bag and set in air for 21 h before demolding the specimens which were 

Table 1 
Mix proportion of carbonated MgO-based ECC (with respect to bindera ratio).  

ID MgO Fly ash Water SHMPb SP PVA Fiberc 

MgO-based ECC 1 1 1.04 0.104 0.015 2.0  

a Binder refers to MgO and fly ash. 
b Sodium hexametaphosphate (SHMP) was 10% by water mass. 
c PVA fiber content, by volume %. 

Table 2 
Oxide compositions of MgO and class-F fly ash.  

Oxidesa SiO2 Al2O3 SO3 MgO P2O5 K2O TiO2 Fe2O3 CaO Cl LOIb 

MgO (%) 0.31 0.20 – 95.76 – – 0.01 0.13 0.81 0.03 2.75 
Fly ash (%) 52.19 22.23 2.16 0.93 0.11 2.56 1.01 13.49 3.40 0.01 1.01  

a Oxides are analyzed by X-ray fluorescence spectrometry. 
b Loss on ignition at 950 ◦C. 

Fig. 1. Dimensions of dogbone-shaped specimen for uniaxial tension test.  
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then cured in CO2. The curing condition was set as T = 20 ± 2 ◦C and 
relative humidity (RH) = 65 ± 5%. The carbonation chamber was 
continuously supplied with 99.8% purity CO2 gas at 2.0 bars pressure to 
conduct the carbonation process. The MgO-based ECC specimens were 
carbonated for 1 day. 

2.3. Methodology 

2.3.1. Elevated temperature exposure 
Once carbonation curing was completed, the MgO-based ECC spec

imens were heated in a muffle furnace (Vulcan 3–550). The target 
exposure temperatures were 50 ◦C, 100 ◦C, 200 ◦C, and 500 ◦C. Speci
mens kept at 20 ◦C were used as controls. The heating rate was 
approximately 5 ◦C/min to simulate a large-scale fire hazard [45]. The 
specimens were held in the furnace for 1 h after reaching the target 
temperature [46]. They were then removed from the furnace and 
air-cooled to room temperature for mechanical tests. Additionally, 
fiber-free mortar and PVA fiber were subjected to the same heating 
protocol for comparison and to directly observe the effects of elevated 
temperature on fiber behavior. 

2.3.2. Compression and uniaxial tension 
After the heat treatment, compressive strength was obtained from 

the 50-mm cube specimens at a loading rate of 0.54 ± 0.18 MPa/s per 
ASTM C109/C109 M [47]. Dogbone-shaped specimens were used for 
uniaxial tension per Japan Society of Civil Engineers (JSCE [48]). An 
Instron® instrument with a loading capacity of 10 kN and a 0.5 mm/min 
loading rate was used for tension. After testing, the residual crack 
numbers and widths in the 80-mm gauge region of the dogbone-shaped 
specimen were measured along the center line using an optical micro
scope (infinity X–C21, with 10 μm resolution). The crack widths were 
measured after the load was released, thus the total residual crack 
widths would be less than the ultimate tensile deformation, due to a 
partial crack closure during unloading. The fracture surfaces of the 
specimens were examined using scanning electron microscopy (JEOL 
IT500). 

2.3.3. Matrix fracture toughness and single fiber pull out test 
Based on micromechanics, two basic design criteria [2] should be 

satisfied for strain-hardening in ECC: 1) the first cracking strength σfc 
must not exceed the fiber bridging capacity σ0 across the crack (Eq. (1)); 
2) the crack tip toughness Jtip must be less than the complementary 
energy Jb’ (Eq. (2)). 

σ0 > σfc (1)  

J ′

b ≡ σ0δ0 −

∫δ0

0

σ(δ)dδ > Jtip ≅ K2
m

/

Em (2)  

where σ(δ) is the fiber bridging stress versus crack opening relationship, 
σ0 is the maximum bridging stress corresponding to the crack opening 
δ0. The delicate balance of the micromechanical parameters associated 
with the fiber, matrix, and fiber/matrix interface is necessary to obtain 
robust tensile ductility. 

To understand the impact of elevated temperature on ECC’s micro
mechanical parameters, specimens for matrix fracture toughness and 
single fiber pull-out tests were prepared. The specimens were then 
subjected to the same heating protocol as that for ECC. 

The single fiber pull-out test was conducted to reveal the impact of 
the elevated temperature on the fiber/matrix interfacial properties, 
including the interfacial frictional bond τ0 and chemical bond Gd. A load 
cell with 44.48 N capacity was used, and the loading rate was kept at 
0.01 mm/s. The complementary energy J′

b and fiber bridging capacity σ0 

were deduced from the σ(δ) relation governed by fiber and fiber/matrix 
interfacial properties. 

The matrix fracture toughness Km was determined using three-point 
bending specimens without fiber, as per ASTM E 399 [49]. The specimen 
was notched at the bottom center section of the beam with a notch depth 
and beam height ratio of 0.5. Km was computed using Eqs. 3 and 4 
together with the measured peak load Pb (N). Em is the matrix Young’s 
modulus, which is calculated by the empirical formula (CEB-FIP Model 
Code 1990 [50]) as shown in Eq. (5). 

Km =
Pb × S
bh1.5 × f (a0 / h) (3) 

Fig. 2. Visible degradation process of PVA fiber at various temperatures.  
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f
(a0

h

)
=

3 × (a0/h)0.5
×

{

1.99 −
(

a0
h

)
×
(

1 − a0
h

)
×

[

2.15 − 3.93a0
h + 2.7

(
a0
h

)2
]}

2 × (1 + 2a0/h) × (1 − a0/h)1.5

(4)  

Em = 0.85 × 2.15 × 104 × (fc/10)1/3 (5)  

where S is the span (100 mm) of the beam specimen, a0 is the notch 
depth (20 mm), b and h are the width and height of the beam (mm), and 
fc is the matrix compressive strength (MPa). 

2.3.4. MIP, TGA/DTA, and XRD analyses 
After the high temperature treatment, the cooled MgO-based ECC 

specimens were used for MIP tests to analyze the pore size distribution. 
Approximately 1 cm3 of carbonated material was collected from the 
dogbone-shaped specimen to conduct the MIP analysis using an Auto
Pore IV 9510. The collected samples were further crushed into powder 
and sieved through a 63 μm sieve to remove fiber for TGA and XRD tests. 
A Model Q500 TGA with helium and an X-ray diffractometer from 
Rigaku SmartLab with CuKα radiation were using to detect TGA and 
XRD data, respectively. The TGA test temperatures ranged from 30 to 
1000 ◦C at a heating rate of 5 ◦C/min. The XRD diffraction pattern was 
collected in the range of 5◦–55◦ (2θ) with a scanning speed of 0.02◦/ 
step. 

3. Results and discussion 

3.1. Mass loss and appearance of specimens 

Fig. 2 shows the visual degradation of PVA fiber from 20 ◦C to 
500 ◦C. The PVA fiber was lightly burnt as the temperature reached 
200 ◦C and became dark as the temperature exceeded 250 ◦C. The PVA 
fiber was carbonized beyond 300 ◦C and completely decomposed at 
500 ◦C. The thermogravimetric data (Fig. 3) indicate that the PVA fiber 
was slightly decomposed during 200 ◦C – 250 ◦C, and sharply decom
posed after 300 ◦C. 

The mass losses of carbonated MgO-based ECC and mortar cubes 
were studied. The specimens were weighed before and after heating and 
the mass loss was recorded (Fig. 4). The mass loss of ECC at 200 ◦C and 
500 ◦C was 5.7% and 16.4%, respectively. The mass loss of the mortar 
was similar to that of the ECC specimens at temperatures below 200 ◦C, 
but was less (by ~1.2%) at an exposure temperature of 500 ◦C. Within 
this temperature range, mass loss is attributed to water evaporation, 
hydrated magnesium carbonates decomposition [29,34], and fiber 
melting. Surface cracks were observed on the specimens when the 
temperature exceeded 200 ◦C, which might be attributed to the 
increased internal pressure created by the capillary pore water vapor 
under elevated temperatures [32,33,41]. Cracks on specimens exposed 
to 500 ◦C were significantly larger due to the melting of PVA fiber 
beyond 230 ◦C [37], creating a network of interconnected channels. 

3.2. Elevated temperatures effect on compressive properties 

The effect of elevated temperatures on the compressive strength of 
ECC cubes is shown in Fig. 5. The compressive strength results of each 
sample were compared with the control mortars. For the mortars, the 
compressive strength gradually decreased from 17.8 MP a to 8.2 MPa as 
the temperature increased from 20 ◦C to 500 ◦C. The same trend was 
observed in prior research [28] on reactive-MgO mortar specimens 
cured under accelerated carbonation (CO2 concentration = 10%, T = 30 
± 2 ◦C and RH = 80 ± 5%). The decline in compressive strength was 
attributed to the decomposition of the hydrated magnesium carbonates 
(i.e., nesquehonite, hydromagnesite, and dypingite). For instance, pre
vious studies reported the decomposition of nesquehonite into more 
stable carbonates at temperatures higher than 52 ◦C [35], and the 

Fig. 3. Quantification of the decomposition process of PVA fiber with ther
mogravimetric analysis. 

Fig. 4. The effects of temperature exposure on mass loss of carbonated MgO- 
based mortar and ECC. 

Fig. 5. Temperature exposure effect on compressive strength of carbonated 
MgO-based ECC and mortars. 
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hydromagnesite gradually decomposed as the temperature increased to 
around 255 ◦C [29,34]. Additionally, the bound water loss would pro
duce high vapor pressure within the pore at these high-temperature 
regimes, resulting in the formation of micro-cracks in the mortar [51]. 

For the ECC specimens, the compressive strength slightly decreased 

from 18.3 MPa to 17.9 MPa as temperature increased from 20 ◦C to 
200 ◦C. Compared to mortars, the reduction in compressive strength loss 
(1.9% for ECC vs. 12.6% for mortars) can be attributed to the reduced 
micro-cracking damage in ECC due to fiber bridging. The compressive 
strength of ECC dropped by 24.5% to 13.8 MPa as temperature increased 
to 500 ◦C, indicating damage caused by the decomposition of carbonate 
phases and PVA fibers. The retained strength is 5.6 MPa above that of 
the mortar control. 

Fig. 6. Cumulative intruded volume and differential distribution curve the 
carbonated MgO-based ECC. 

Fig. 7. Thermogravimetric analysis of MgO-based ECC (without fiber) under 
various exposure temperatures. 

Fig. 8. X-ray diffractograms of carbonated MgO-based ECC (without fiber) 
under various exposure temperatures (B: brucite; D: dypingite, N: nesquehonite, 
Mu: mullite, H: hydromagnesite; M: MgO). 

Fig. 9. Uniaxial tensile stress-strain curves for carbonated MgO-based ECC at 
various temperatures exposure. 

Table 3 
Tensile properties of carbonated MgO-based ECC.  

Temperature 20 ◦C 50 ◦C 100 ◦C 200 ◦C 500 ◦C 

First cracking 
strength (MPa) 

2.01 ±
0.11 

2.03 ±
0.02 

2.11 ±
0.04 

1.95 ±
0.12 

0.28 ±
0.05 

Tensile strain 
capacity (%) 

5.13 ±
0.48 

6.30 ±
0.32 

7.91 ±
0.33 

6.89 ±
0.56 

0.007 ±
0.001 

Ultimate tensile 
strength (MPa) 

3.68 ±
0.22 

3.54 ±
0.12 

3.55 ±
0.16 

3.96 ±
0.13 

0.29 ±
0.12  
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3.3. Microstructure analysis 

3.3.1. Mercury intrusion porosimetry 
The cumulative and differential pore volume curves for the carbon

ated MgO-based ECC exposed to temperatures from 20 ◦C to 500 ◦C are 
presented in Fig. 6 (a) and (b). The presented curves are used to evaluate 
the total porosity and pore size distribution. 

The cumulative pore volume increased with increasing temperature 
from 20 ◦C to 500 ◦C. Two stages of the pore volume increase can be 
observed in Fig. 6 (a), including a slight increase during 20 ◦C–50 ◦C and 
a significant increase from 100 ◦C to 500 ◦C. This is attributed to bound 
water evaporation as the temperature rose from 20 ◦C to 50 ◦C [51], and 
the decomposition of carbonate phases (nesquehonite, hydromagnesite, 
and dypingite) and PVA fibers as the temperature rose from 100 ◦C to 
500 ◦C. The total pore volume was 0.225 ml/g, 0.236 ml/g, and 0.258 
ml/g for 20 ◦C, 100 ◦C and 500 ◦C, respectively. 

Fig. 6 (b) presents the differential pore size distribution curves in 
which critical pore diameter corresponds to the peak of the differential 
curve. The peak was found to be between 0.6 μm and 180 μm pore di
ameters. The differential curves indicated that the pore size was domi
nated by large capillary pores (0.05–10 μm) and air voids (>10 μm) in 
carbonated MgO-based ECC. As compared to specimens at 20 ◦C, the 
increased temperature led to the peak at around ~0.6 μm shifting to
wards smaller pore sizes (0.01–0.05 μm), owing to the decomposition of 
HMCs and bound water evaporation. The increased pore size is a plau
sible cause of the decrease of compressive strength with temperatures as 
shown in Fig. 5. 

3.3.2. Thermogravimetric analysis 
The TGA results of carbonated MgO-based ECC (without fiber) are 

presented in Fig. 7. There are two major and one small decomposition 
steps in the presented data. The release of bound water from hydrated 
magnesium carbonates and water evaporation was observed between 
50 ◦C and 120 ◦C, with strong endothermic peaks corresponding to the 
decomposition reaction as revealed in Eqs. (6) - (7). The decomposition 
of nesquehonite and brucite is responsible for the second strong endo
thermic peaks at ~380 ◦C. The dehydroxylation of hydromagnesite 
leads to a smaller peak at around ~440 ◦C. In turn, the lower amount of 
nesquehonite, brucite, but greater amount of dehydroxylation of 
hydromagnesite resulted in a lower peak intensity at ~380 ◦C but a 
higher peak intensity at ~440 ◦C as the temperature increased to 500 ◦C 
[35]. The reaction for the decomposition of nesquehonite [52], brucite 
and dehydroxylation of hydromagnesite are presented in Eqs. (8)–(10). 
The decomposition of HMCs and the appearance of microcracks (Eq. 
(7)) during the heating process results in a larger pore volume (Fig. 6) 
and slightly lower compressive strength (Fig. 5). 

4MgCO3%Mg(OH)2%4H2O → 4MgCO3%Mg(OH)2 + 4H2O (6)  

H2O (Liquid)→H2O (gas) (7)  

5(MgCO3%3H2O)→ Mg5(CO3)4(OH)2%XH2O+CO2 + (14 − x)H2O (8)  

Mg(OH)2 → MgO + H2O (9)  

Mg5(CO3)4(OH)2%xH2O → 5MgO + 4CO2 + (x+ 1)H2O (10)  

3.3.3. X-ray diffraction 
Fig. 8 shows the XRD patterns of carbonated MgO-based ECC 

(without fiber) exposed to elevated temperatures from 20 ◦C to 500 ◦C. 
The presence of brucite (B, Mg(OH)2), dypingite (D, Mg5 
(CO3)4(OH)2⋅5H2O), nesquehonite (N, MgCO3⋅3H2O), mullite (Mu, 
3Al2O3⋅2SiO2), hydromagnesite (H, Mg5 (CO3)4(OH)2⋅4H2O) and MgO 
(M) are confirmed with the characteristic XRD peak irrespective of 
exposure temperature. 

The major peak of MgO (#ICCD 00-045-0946) was detected at 2θ ≈
43◦, identified as the unreacted MgO. The brucite (#ICCD 00-001-1169) 
was identified around 2θ ≈ 18.6◦ and 38.3◦, which are consistent with 
the observations reported in Ref. [28]. The observation of residual MgO 
and brucite at 20 ◦C indicated the incomplete carbonation during the 
accelerated carbonation process of MgO-based ECC, which is consistent 
with the finding in Ref. [10]. The mullite (#ICCD 00-001-0613) existed 
in the matrix as its peaks were detected at 26.8◦. Mullite originates from 
the raw materials of fly ash and was consistent with the observations 

Fig. 10. Typical crack pattern of carbonated MgO- 
based ECC after various exposure temperatures 
(a) T = 20 ◦C 
(b) T = 100 ◦C 
(c) T = 200 ◦C (d) T = 500 ◦C.   

Table 4 
Summary of residual crack patterns from tensile specimens.  

Temperature Crack 
numbers 

Total residual crack 
width (μm) 

Avg. Crack width (SD) 
(μm) 

20 ◦C 47 ± 3 1571 ± 131 33.45 (±17.32) 
50 ◦C 55 ± 2 2272 ± 101 41.31 (±20.18) 
100 ◦C 68 ± 6 3234 ± 248 47.56 (±19.34) 
200 ◦C 59 ± 4 2943 ± 133 49.89 (±19.27) 
500 ◦C Na Na Na 

Na: Not applicable to specimens exposed to 500 ◦C. 
SD: standard deviation. 
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reported in Ref. [53]. The characteristic peak of dypingite (#ICCD 
00-023-1218) was identified at ~20.6◦ and 30.4◦, which is consistent 
with a previous study [10]. The nesquehonite (#ICCD 00-020-0669) was 
detected at ~34.2◦. The overlapping peak around ~30.4◦ was detected 
as the hydromagnesite (#ICCD 00-003-0093) and dypingite (#ICCD 
00-023-1218). The data also showed that the reduction of hydro
magnesite/dypingite was visible during the process of increasing tem
peratures. This finding proves that the transformation of hydrated 
magnesium carbonates during the heating process results in a drop in 
compressive strength (Fig. 5) and mass loss (Fig. 4). 

3.4. Uniaxial tensile performance 

Fig. 9 shows the uniaxial tensile stress-strain relationships of the 
carbonated MgO-based ECC after exposure to different temperatures 
from 20 ◦C to 500 ◦C. The tensile stress-strain curves of specimens 
exposed to temperatures up to 200 ◦C show the typical characteristics of 
ECC: including an initial elastic stage, a strain-hardening stage with the 
tensile strain capacity over 5%, and a tension-softening stage. In 
contrast, the tensile stress-strain curve exhibit brittle failure for speci
mens exposed to 500 ◦C, which is attributed to the decomposition of 
PVA fibers. 

The change in mechanical properties as a function of exposure 
temperatures is summarized in Table 3, where “first cracking strength” 
refers to the tensile stress when the first crack appears. The “tensile 
strain capacity” and “ultimate tensile strength” are the strain capacity 
and the maximum tensile stress at specimen failure [10], respectively. 

For the carbonated MgO-based ECC at 20 ◦C, the first cracking 
strength, ultimate tensile strength, and tensile strain capacity achieved 
2.01 MPa, 3.68 MPa, and 5.13%, respectively. The first cracking 
strength was slightly affected by the elevated temperature below 
~200 ◦C. The highest first cracking strength was found to be 2.11 MPa at 

100 ◦C, which was 8.2% higher than that at 200 ◦C. Exposure to 50 ◦C 
and 100 ◦C demonstrated that the tensile strain capacity increased with 
temperature, but the ultimate tensile strength was unaltered. The 
highest ultimate tensile strength was 3.96 MPa at 200 ◦C, and the 
highest tensile strain capacity was 7.91% at 100 ◦C. These observations 
indicate that the carbonated MgO-based ECC can maintain the com
posite properties in terms of tensile strain capacity and tensile strength 
at temperatures up to 200 ◦C. However, the first cracking strength, ul
timate tensile strength, and tensile strain capacity of carbonated MgO- 
based ECC were reduced to nearly 0 at 500 ◦C, which is attributed to 
the melting of PVA fibers and decomposition of the hydrated magnesium 
carbonates. 

3.5. Multiple crack pattern and fracture surface observation 

The tensile crack patterns, including the crack number and crack 
width within the gauge length of 80 mm are shown in Fig. 10. They 
confirm the maintenance of tensile ductility through multiple cracking 
for specimens exposed to elevated temperatures up to 200 ◦C. At 500 ◦C, 
the specimen showed brittle fracture failure. The residual crack widths 
after unloading, number of cracks, and averaged crack width are given 
in Table 4. Compared to the specimens at 20 ◦C, exposure to evaluated 
temperatures up to 200 ◦C increased both the crack number and the 
average crack width. 

The fracture surfaces at the final failure of carbonated MgO-based 
ECC were examined using SEM to identify the failure mechanisms 
(Fig. 11). For specimens at 20 ◦C, entire pull-out segments of PVA fiber 
were observed (Fig. 11 (a)). At elevated temperatures of 100 ◦C and 
200 ◦C (Fig. 11 (b) and Fig. 11 (c)), protruding fibers were observed to 
have sharpened ends, suggesting fiber rupture following a short pullout 
stage, likely due to the strengthening of the fiber-matrix interfacial bond 
accompanied by a decrease in the tensile strength of PVA fibers [54]. 

Fig. 11. SEM magnification of carbonated MgO-based ECC under various exposure temperatures.  
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This could explain the lower crack numbers and total residual crack 
width when the exposure temperature was elevated from 100 ◦C to 
200 ◦C (Table 4). A few remaining fibers could be seen in specimens 
exposed to 500 ◦C (Fig. 11 (d)), suggesting that the temperature of the 
specimen core had not reached the melting point. 

3.6. Micromechanical analysis 

The results of micromechanical parameters, including matrix 
Young’s modulus Em, fracture toughness Km, interfacial chemical bond 
Gd and frictional bond τ0 are shown in Fig. 12 (a) and (b). Em and Km 
(Fig. 12 (a)) decrease with exposure temperature owing to the damage of 
the matrix material as noted earlier. The frictional bond τ0 also shows a 
decreasing trend. In contrast, the interfacial chemical bond Gd shows an 
initial rise that may be caused by the higher van der Waals force with the 
release of free water from the fiber/matrix interface transition zone 
(ITZ). This increase in Gd may be counteracted by the appearance of 
microcracks around the ITZ caused by internal vapor pressure as the 
temperature rises further (for example, up to ~200 ◦C). 

The maximum bridging stress σ0 and complementary energy Jb’ 
represent important fiber bridging properties that dictate the tensile 
ductility of ECC [2]. These parameters can be computed from the fiber 
bridging stress versus crack opening displacement relation (Fig. 13) 
derived from the fiber/matrix interface properties [2], and are sum
marized in Table 5. After exposure to elevated temperatures ranged from 
50 to 200 ◦C, Jb’/Jtip and σ0/σfc which measures the margin of meeting 
the energy and strength criteria for multiple cracking [2], retain over 
unity (>2 and 4 respectively), consistent with the observed retaining of 
tensile ductility of the carbonated MgO-ECC. 

4. Conclusions 

This study investigated the mechanical and microstructural proper
ties of carbonated MgO-based ECC subjected to elevated temperatures 
up to 500 ◦C. Based on the experimental findings, the following con
clusions can be drawn:  

1) The compressive strength and tensile ductility of carbonated MgO- 
based ECC are mostly retained under elevated temperature expo
sures up to 200 ◦C. However, a significant drop in compressive 
strength (by 25%) and a complete loss of tensile ductility are found 
after exposure to 500 ◦C. Despite this, carbonated MgO-ECC main
tains a compressive strength 67% higher than that of mortar without 
fiber after exposure to 500 ◦C.  

2) Physically, degradation from elevated temperatures resulted in mass 
loss of PVA fiber due to fiber decomposition, and mass loss in matrix 
material due to water evaporation and dehydration of magnesium 
carbonates. Consistent with the observation of macroscopic physical 
mechanical properties deterioration, these mass losses become sig
nificant when the exposure temperature exceeds 200 ◦C.  

3) Despite a general loss in matrix stiffness, fracture toughness and 
fiber/matrix interface frictional bond with increasing exposure 
temperatures, the energy-based strain-hardening index Jb’/Jtip of 
carbonated MgO-ECC remarkably increased (30–70%) above that of 
the composite with no elevated temperature exposure. This provides 
a micromechanics-based explanation for the composite ductility and 
multiple cracking maintenance observed, at least up to 200 ◦C. 
Above this temperature, however, the carbonated MgO-based ECC 
becomes brittle as the melting of the PVA fibers disrupts any 
remaining fiber bridging effect. 

Fig. 12. Variations of (a) Young’s modulus and matrix fracture toughness and 
(b) fiber/matrix interfacial properties under various exposure temperatures. 

Fig. 13. Computed σ(δ) curve of ECC at various exposure temperatures.  

Table 5 
Fiber bridging and first crack strength parameters of carbonated MgO-based 
ECC.  

Temperature σ0 (MPa) σfc 

(MPa) 
σ0/σfc Jtip (J/ 

m2) 
Jb’ (J/ 
m2) 

Jb’/ 
Jtip 

20 ◦C 5.75 2.01 2.87 7.82 33.88 4.33 
50 ◦C 5.67 2.03 2.81 7.64 43.18 5.65 
100 ◦C 5.54 2.11 2.63 7.04 51.76 7.35 
200 ◦C 5.59 1.95 2.87 8.39 54.18 6.46  
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4) Microstructurally, an increase in pore size and cumulative pore 
volume was observed which can be attributed to the decomposition 
of carbonated MgO-based matrix and PVA fiber at elevated temper
atures. The dehydroxylation and decomposition reactions led to a 
transformation of hydrated magnesium carbonates in the carbonated 
MgO-based ECC. 

The above findings should form a useful basis for further studies of 
carbonated MgO-based ECC for fire resistance design of civil in
frastructures. This study reveals a relatively slow degradation at the 
composite and microstructural level at exposure temperature at or 
below 200 ◦C, but becomes significant at exposure temperature at 
500 ◦C. Future studies should delineate this degradation acceleration by 
testing at temperature between 200 and 500 ◦C. Finally, given the 
melting of PVA fibers at temperature above 200 ◦C, future studies may 
investigate the mechanical performance of MgO-based ECC reinforced 
with higher temperature resistant fibers, such as carbon, basalt, steel 
fibers or their hybrids. 
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