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A B S T R A C T   

This paper investigates a vacuum heat treatment (VHT) technology at 160℃, 200℃ and 240℃ for 6–14 h to 
modify bamboo sawdust (BS) and then BS/cement composites for the development of low carbon construction 
materials. The hydration process, thermal stability, micro-morphology and crystallinity, and chemical and me
chanical changes for both VHT BS and composites are examined by FTIR, TG-DTG, XRD and SEM analyses. The 
mechanism of improving the mechanical properties of modified BS on composite materials is further elaborated 
together with the physical and mechanical properties and durability. The results show that the flexural strength 
and compressive strength of the modified BS/cement composites after VHT at 200℃ for 10 h are increased by 
61.2% and 13.8%, respectively, compared with those in the untreated group, and the composites have better 
durability in the modified group. VHT resulted in cellulose and hemicellulose degradation to certain degrees, 
lignin undergoes cross-linked condensation reaction and cellulose crystallinity increases. These changes reduce 
the number of BS hydrophilic groups and result in changes in BS microstructure and surface topography, 
providing favorable conditions for the bonding and interface development of BS/cement composites. The impact 
of BS/cement composites on the carbon footprint in the production stage was analyzed, showing that the carbon 
emissions of BS/cement composites after VHT were reduced by 5.7% compared with that of the corresponding 
OPC composites.   

1. Introduction 

Cement-based material is a common building material which has the 
characteristic of fast setting and high compressive strength, but there are 
serious drawbacks, such as low flexural strength, poor crack resistance 
and fracture toughness [1–3]. The improvement is conventionally to use 
steel bars to enhance the toughness of cement-based materials. Fber 
reinforced cement-based composites can also effectively improve the 
flexural strength of cement-based materials by compounding a certain 
number of discontinuous short fibers or continuous long fibers with 
cement [4]. Numerous studies have proved that the addition of fibre can 
improve the flexural and cracking resistance of cement-based materials, 
delay the development of cracks, reduce the number of cracks, and 
thereby improve its toughness [5–7]. Some commonly used fibre re
inforcements include metal fibre, carbon fibre, glass fibre, asbestos fibre, 
polymer fibre and natural fibres [4,8,9]. Among them, applying natural 

fibres to the construction field and developing new green building ma
terials, such as adding wood sawdust, wheat straw, rice straw, bamboo 
sawdust and other plant fibres in cement-based materials to obtain 
cement bonded fibreboard [8,10–12], which not only improves the 
utilization efficiency of biomass resources, but also effectively alleviates 
the shortcomings of cement-based materials that are easy to crack and 
poor toughness [10,13,14]. For example, Jarabo et al. [15] used corn 
stalk fibre as reinforcement for fibre-cement materials. Wang et al. [16] 
by mixing waste wood and cement had developed thermal/noise insu
lation cement-bonded particleboards with high strength and light 
weight successfully. Rodier et al. [17] obtained biochar from bagasse by 
thermochemical transformation (slow pyrolysis), and prepared insu
lating cement-based composites by mud dehydration. Bamboo has much 
shorter rotation length than wood, with high strength and carbon 
sequestration capacity [18]. The study showed that the carbon seques
tration capacity of bamboo was higher than that of Chinese fir, Japanese 
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cedar and red cypress [19]. The use of bamboo and derivatives with low 
carbon footprint to replace carbon-intensive cement-based materials has 
become an effective strategy to achieve the goal of “replacing wood with 
bamboo” and carbon neutrality [20,21]. 

Bamboo sawdust (fibers) retain the characteristic of natural bamboo, 
has high strength and large elongation at break, and can be added to 
cement to connect the matrix microcracks, thereby improving the me
chanical properties of composite materials. Vasudevan [22] studied the 
physical and mechanical properties of bamboo sawdust Portland cement 
composites, and the results showed that with the increase of the mixing 
ratio of bamboo sawdust, the compressive and flexural strength of 
composites at 28d decreased first and then increased, reaching the 
maximum value when the amount of addition is 15%, which is 5% 
higher than that of the control group, which may be caused by the 
volcanic ash and aggregate filling effect of the bamboo sawdust in the 
cement matrix. Terai and Minami [23] using bamboo fibre as raw ma
terial, the flexural strength, tensile strength and compressive strength of 
the specimens strengthened by 0.01%, 0.02% and 0.03% fibre content 
all increased significantly. However, as a natural fibre, there is a 
compatibility problem between bamboo fibres and cementitious mate
rials, which also directly affects the strength of cementitious composites 
[21]. Some researchers [24–26] founds that that plant fibers can 
dissolve a large amount of extracts, which may hinder the setting and 
hardening of cement in alkaline cement environments and negatively 
affect the interface compatibility of fibers with cement matrix. To 
improve the compatibility of plant fibers with cement, the main method 
is to physically or chemically modify plant fibers. Ban et al. [27] eval
uated the performance of glycerin, aluminate and silane modified 
bamboo fibre-reinforced cement composites through a series of me
chanical and durability tests. Arsène et al. [28] found that the composite 
material was prepared by adding 2 wt% pyrolysis (2 h at 200 ◦C) bagasse 
fiber to cement, and its tensile strength (7 MPa) was significantly 
improved, the value is greater than twice the strength of plain cement 
paste. Ballesteros et al. [29] explored the effect of accelerated carbon
ation and hornification treatments on fibre-cement composites, the re
sults indicate the hornification treatment yields greater dimensional 
stability improving the fibre–matrix interface and greater Specific En
ergy of the composites, while accelerated carbonation generates denser 
matrices, which increases Modulus of Rupture. The authors of reported 
that at heat treatment temperatures at 200 ◦C, the moisture content of 
natural fibres reduces, the hydroxyl group on the surface of the fibre 
decreases, and the hemicellulose is degraded, and the lignin is partially 
dehydrated so that it is rearranged to improve the bond strength be
tween the fibre and the cement matrix [2,28]. However, the literature 
generally lacks a focus on the in fluence of heat treatment temperature 
and time on the mechanical properties of cement composites materials 
reinforced with plant fibres. 

Thus, this study prepared the modified bamboo sawdust (BS) 
/cement matrix composites by modifying the surface of BS by vacuum 
heat treatment (VHT), and the effects of different heat treatment tem
peratures and times on the mechanical properties of BS/cement com
posites were introduced. Finally, the durability and carbon emission of 
composite materials are evaluated by optimizing and improving 
screening methods, their bonding mechanism is discussed, and the 
feasibility of their application is clarified. 

2. Materials and methods 

2.1. Materials 

Moso bamboo (Phyllostachys heterocycla) sawdusts (BS) were pur
chased from Weihua Incense Factory (Guangdong). The length was 6 
mm–10 mm and the diameter was 0.6 mm–0.85 mm. Oher basic char
acteristic is shown in Table 1. Ordinary Portland cement (OPC), P. 
O42.5, was purchased from Fujian cement company limited, Fuzhou, 
polycarboxylic acid superplasticizer (SP), CQJ-JSS, from Shanghai 

Shenqi Chemical Technology Co., Ltd., hydroxypropyl methyl cellulose 
ether (HPMC), 40 ~ 200 thousand molecular weight, from Shanghai 
Shenqi Chemical Technology Co., Ltd. and calcium chloride, AR, from 
Xilong science co., Ltd. 

2.2. Vacuum heat treatment (VHT) of BS 

The BS were put into a vacuum drying box, and the targeted tem
perature was set at 160℃, 200℃, 240℃ and kept at different temper
atures for 6 h, 8 h, 10 h, 12 h and 14 h, respectively. The dryer program 
is set as follows: (1) The pressure in the drying oven is reduced to 
− 0.1Mpa, and from room temperature to 100℃; (2) Keep at 100℃ for 1 
h; (3) From 100℃ to the target temperature, the heating rate is set to 
1℃/min; (4) maintain the corresponding time at the target temperature; 
(5) Drop the temperature from the target temperature to 40℃, and the 
cooling rate is set to 1℃/min. After the heat treatment, take out the BS 
and put them in the dryer to cool to room temperature. Then use the 
vibrating screen to screen the BS of 20 ~ 28 mesh for use. 

2.3. Preparation of modified BS/Cement matrix composites 

The composition of composite materials is shown in Table 2, where 
the content of BS, HPMC, CaCl2, SP and defoaming agent is the per
centage of the cement mass. The blank control groups included OPC and 
UM, where “CG” represents the specimens with Ordinary Portland 
cement (OPC) and “UM” represents the specimens with untreated BS, 
and “MO” represents all the specimens with modified BS. The prepara
tion steps are as follows: firstly, the designed quantity of cement, BS and 
water were fed into a mixer and stirred for 3 min. Then, the mixture was 
evenly mixed and poured to 40 mm × 40 mm × 160 mm cement sand 
triplet test mold, which was placed in room temperature for 24 h before 
demolding. Finally, the specimen is placed in a conditioning tempera
ture and humidity chamber according to the “GB/T 50081-2002′′ stan
dard maintenance for 28d. 

2.4. Characterization 

2.4.1. Thermal stability test of BS 
The synchronous thermal analyzer was used to carry out the exper

iment in N2 atmosphere, and the dried bamboo powder of 200–250 mesh 
was placed on the balance in the thermogravimetric analyzer to test the 
thermal weight loss rate of the sample during the heating process. The 
test conditions are as follows: the heating rate is 20℃/min, the tem
perature ranges between 20℃ and 900℃, and the injection weight is 
lower than 10 mg. 

2.4.2. Water absorption of BS 
2 g (M1) dried BS are put into a small beaker and 20 mL ultra-pure 

water is added to the beaker. After 24 h soaking, BS are filtered out 

Table 1 
Physical properties of BS.  

Apparent 
density 
（g/cm3) 

Water 
absorption of 24 
h (%) 

Water 
contact 
angle (◦) 

Thermal 
expansivity 
(μm/m⋅℃) 

Thermal 
conductivity 
(W/m⋅K)  

0.40  83.7  54.2 28  0.092  

Table 2 
Mixture design of BS/Cement composites.  

Number Cement 
(g) 

W/ 
C 

BS 
(%) 

HPMC 
(%) 

CaCl2 

(%) 
SP 
(%) 

Defoaming agent 
(%) 

OPC 1250  0.3 0 0 0 0 0 
UM 1250  0.3 3 0.03 2 0.5 0.15 
MO 1250  0.3 3 0.03 2 0.5 0.15  
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with Brinell funnel and absorbent paper is used to absorb excess water 
on the surface of BS. Then the mass of BS (M2) is measured. The water 
absorption of BS is calculated according to the Eq. (1) and the average 
value of three repeated tests is used. 

Water absorption =
M2 + M1

M1
× 100% (1)  

2.4.3. Micro-morphology test of BS 
The micro-morphology of BS and cross-section of composite were 

observed by scanning electron microscope (SU8010, Hitachi High-tech 
Group), and the high vacuum mode and working voltage 15 kV were 
selected. The samples were firstly measured on a copper table bonded to 
the conductive adhesive and gently pressed the samples so that they 
adhered firmly to the conductive adhesive, and then the samples were 
treated with vacuum gold plating. The samples were finally put into the 
instrument and the power was switched on for testing. 

2.4.4. Infrared spectroscopy measurement 
The infrared spectrum of BS was measured by Pekin-Elmer Fourier 

transform attenuated total reflection infrared spectrometer, and the 
samples were prepared by KBr pressing method. The test procedure is as 
follows: 200 ~ 250 mesh of BS and KBr are mixed in an agate mortar and 
ground into a homogeneous, and pressed into a tablet. The resolution of 
the instrument is 4 cm− 1, the scanning range is 4000 ~ 400 cm− 1, and 
the scanning times are 32 scans/min. 

2.4.5. Crystallinity measurement 
Take an appropriate amount of 200–250 mesh BS on the glass slide, 

flatten it with a glass sheet, and put the glass slide into an X-ray powder 
diffractometer for testing. Cu-Kα target, operating voltage 40 kV, 
working current 40 mA, 2θ scanning was performed at 10◦~ 50◦, the 
scanning speed was 10◦/min, and the scanning step angle was 0.02◦. The 
relative crystallinity (CI%) of BS is calculated by Segal et al empirical 
method, as shown in Eq. (2). 

CI% =
I002 − Iam

I002
× 100% (2)  

Where, I002 is the maximum diffraction intensity of 002 crystal plane; 
Iam is the diffraction intensity at the trough 2θ≈18◦ represents the 
diffraction intensity in the amorphous region. 

2.4.6. Mechanical properties of BS cement composites 
Using WDW-H microcomputer controlled electronic pressure testing 

machine to test the flexural and compressive strength of composites 
according to “Cement mortar strength testing method (ISO method)” 
(GB/T17671-1999). The size of the flexural specimen is 40 mm × 40 
mm × 160 mm. Three specimens were taken from each group and their 
average was taken as the final results. The compression specimens are 
two half-section specimens after the end of the flexural test, the size is 
40 mm × 40 mm, each group of six specimens, the final result is the 
average of the six specimens. 

The flexural strength test was carried out by placing the composite 
materials on the roller with a span of 100 mm and loaded evenly at the 
loading speed of 50 N/s until the sample is broken. The flexural strength 
Rf (MPa) was calculated according to Eq. (3) 

Rf =
1.5Ff L

b3 (3)  

Where, Rf is the flexural strength (MPa), Ff is the failure load of spec
imen when it is broken (N), L is the distance between supporting cyl
inders (mm) and b is the side length of the pressure square section of the 
specimen (mm). 

The compressive strength test was carried out by placing the half test 
block after the flexural test in the middle of the compression clamp. The 
test block was exposed about 10 mm outside the platen, and then the 

load was uniformly applied at a loading rate of 2400 N/s until the 
specimen failed. The compressive strength RC is calculated in Newtons 
per square millimeter (MPa) according to Eq. (4) 

Rc =
Fc

A
(4)  

Where, RC is compressive strength (MPa), FC is the maximum load of the 
specimen during failure (N) and A is the bearing area of specimen 
(mm2). 

2.4.7. Hydration temperature 
In order to explore the compatibility between BS and cement, the 

hydration characteristic, maximum hydration temperature (MHT) and 
time to reach this temperature, and fitness coefficient (CA) were used as 
the evaluation index of compatibility. CA is calculated according to the 
Eq. (5). The hydration process of the composites is examined by using 
the experimental scheme in Table 3. The mixture is produced by firstly 
mixing cement and BS in a plastic cup, then adding water and additives, 
and finally stirring the mixture evenly. The whole mixing process is 
completed in 3 min. Then the plastic cup is put into the hydration 
measurement device. The probe of the temperature recorder is inserted 
into the centre of the mixture and the temperature recorded at a rate of 
20 s interval. The whole recording is taken for 24 h. 

cA =
Awc

Anc
/100 (5)  

Where, Awc is the hydration calorific value of bamboo shavings and 
cement mixture within 24 h after the start of hydration (h⋅℃), Anc is the 
hydration calorific value of pure cement within 24 h after the beginning 
of hydration (h⋅℃). 

2.4.8. Durability of composites 
Both the wet-dry cycle and freeze–thaw cycle were carried to 

examine the durability of the developed composites. The principle of the 
dry-wet test method follows the test procedure proposed by Filho [30], 
and 10 and 20 dry-wet cycles were carried out on the composites, 
respectively. The experimental group was soaked in water at 25 ℃ for 
20 h, then dried at room temperature for 4 h, then dried in an oven at 70 
℃ for 20 h, and finally cooled at room temperature for 4 h for a total of 
48 h. After completing 10 and 20 cycles respectively, the mechanical 
strength of the test group is tested. 

The freeze–thaw cycle test is carried out in accordance with the 
Standard of Test methods for long-term performance and durability of 
ordinary concrete (GB/T50082-2009). The slow freezing method was 
used in the freeze–thaw cycle. Three groups of specimens were prepared 
before the experiment. One group is for testing the strength after the 
saturated water absorption by soaking the specimens in water for 48 h. 
The other two groups were soaked in water at 20 ± 2 ℃ for 4 days and 
put into a high and low temperature test chamber for freeze–thaw cycle 
test, in which the freezing temperature was − 10 ℃ for 4 h, the melting 
temperature was 25 ℃ for 4 h. The number of designed freeze–thaw 
cycles is 45 and 90 respectively. At the end of 45 cycles, the flexural 
strength and compressive strength are tested. After 90 cycles, the 
remaining group is taken out for strength test. 

Table 3 
Mixtures for hydration heat measurement.  

number Modification mode of BS Cement 
(g) 

W/ 
C 

BS 
(g) 

SP 
(%) 

RBS Untreated 140  0.3 10  0.5 
200℃-10 

h 
Vacuum heat treatment at 200 ℃ 
for 10h 

140  0.3 10  0.5  
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3. Results and discussion 

3.1. Mechanical properties of composites 

3.1.1. Effect of heat treatment on mechanical properties of BS/Cement 
composites 

The effect of heat treatment time on the mechanical properties of the 
composites at 160℃, 200℃ and 240℃ were shown in Fig. 1. From the 
results, compared with OPC (Fig. 1a), the compressive strength of 
cement matrix composites with BS decreased to different degrees. 
Among them, the compressive strength of the untreated fibre is lowest 
with 49.3 MPa, and the compressive strength of BS/cementitious com
posites is higher than that of untreated groups after heat treatment of BS 
under different conditions. The possible reasons are that the BS has 
higher porosity and lower strength than the cement matrix, and the 
untreated fibre is more prone to agglomeration than the VHT fibre [27], 
which will be further verified in the subsequent analysis. Compared with 
OPC (Fig. 1b), the flexural strength of cement matrix composites with BS 
increased to different degrees, and showed a trend of normal distribu
tion with time at 200℃. Among them, the flexural strength reached the 
maximum value of 11.33 MPa at 200℃ for 10 h, which was 130.28% 
and 61.2% higher than OPC and UM, respectively. The reason may be 
that low molecule sugars degrade with a longer VHT and hence greater 
loss of the BS strength, which leads to the BS being easily broken and 
destroyed in the cement matrix, thereby the flexural strength of the 
composites decreases. Furthermore, the change in the ratio of flexural to 
compressive strength is similar to that of flexural strength or compres
sive strength (Fig. 1c). The maximum ratio of flexural to compressive 
strength reached 0.202 at 200℃ for 10 h heat treatment, which was 
162.3% higher than that of the OPC and 41.3% higher than that of the 
UM. Comparing the mechanical properties of composites under different 
heat treatment conditions indicates that the bending strength is the 
lowest at 160 ◦C, and the mechanical strength and toughness of the 
composites treated at 200 ◦C and 240 ◦C are higher, but the mechanical 

strength of BS is easy to decrease due to high temperature and long time. 
Therefore, to comprehensively compare the mechanical properties of 
the specimens in each group, and considering the low-energy- 
consuming treatment process, 200 ◦C for 10 h was selected as the 
appropriate treatment condition and the compressive and flexural 
strength were 56.11 MPa and 11.33 MPa, respectively. 

3.1.2. Effect of heat treatment on the durability of BS/Cement composites 
While adding natural fibres to cementitious materials could play a 

significant role in improving the flexural strength and brittleness, the 
biomass material itself is easy to degrade in the alkaline cement matrix, 
leading to a poor durability of the composites [31]. Therefore, the effect 
of VHT (200℃-10 h) on the durability of BS/Cement composite is 
investigated by simple dry-wet cycle test and freeze–thaw cycle test. 

The frost resistance of cement-based materials refers to the ability to 
maintain good mechanical strength after many freeze–thaw cycles in the 
saturated state, and frost resistance is one of the important indexes to 
measure the durability of cement-based materials. In the process of 
freezing and thawing, when the internal temperature of the cement- 
based material falls below the freezing point, the pore water will 
freeze, the volume will increase and the expansion pressure increase 
[32]. The resulting tensile stress or compressive stress may gradually 
destroy the crystal structure of hydration products. When the expansion 
pressure reaches a certain degree, cement-based materials will cause 
strength damage due to more micro-cracks. It can be seen from Fig. 2a 
that with the increase of freeze–thaw cycles, the compressive strength of 
OPC, UM and MO increase gradually. After 90 cycles, the compressive 
strength of OPC increases by 19.9% compared with that before freezing 
and thawing. The changes of UM and MO are smaller, which are 13.1% 
and 12.4% higher than those before freezing and thawing, respectively. 
It is considered that after the specimen is saturated with water can play a 
role similar to water curing and promote the continuous development of 
cement strength, while the negative effect of short-term freeze–thaw 
cycle on strength loss is less than the positive effect of water curing. 

Fig. 1. Mechanical properties of composites at 160 ℃, 200 ℃, 240 ℃ and various VHT times (“ UM ”refers to untreated group): (a) compressive strength, (b) flexural 
strength, (c) ratio of flexural -compressive strength. 
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Therefore, the compressive strength of the specimen after freezing and 
thawing is higher than that before freezing and thawing; The low mo
lecular weight sugar in BS will hinder the formation of hydration 
products, so the strength of the specimen mixed with BS is lower than 
that of the OPC, and the compatibility between BS and cement is 
improved because the heat treatment degrades part of cellulose and 
removes a large of anticoagulant components [31]. The cement strength 
is well developed, the matrix is denser, and the expansion stress caused 
by water freezing during freezing and thawing has less impact on the 
strength. Therefore, the strength of composites after the freeze–thaw 
treated group is higher than that of the UM, indicating that heat treat
ment can indeed improve the durability of BS cement matrix compos
ites. As can be seen from Fig. 2b, the flexural strength of the three groups 
of specimens decreased to different degrees with the increase of the 
number of freeze–thaw cycles, indicating that freeze–thaw cycles would 
weaken the flexural strength of composite materials. Among them, after 
90 cycles, the OPC strength accounted for 41.1% before freeze–thaw, 
62.2% of that before freezing and thawing in the UM, and 78.5% of that 
before freezing and thawing in the MO, indicating that the frost resis
tance of the composite material was improved after heat treatment. 

The alternation of drying and wetting exposure makes the cement- 
based materials either in the state of water saturation or drying. The 
loss of water at high temperature could lead to shrinkage cracks in the 
cement matrix and the deterioration of mechanical properties [33]. 
Therefore, the drying-wetting cycle is also one of the main factors 
affecting the durability of cement-based materials. Fig. 3 shows the ef
fect of wet-dry cycle on the mechanical strength of composite materials. 
As can be seen from Fig. 3a, with the increase of dry and wet cycles, the 

compressive strength of the OPC, UM and MO all increase in different 
degrees. As afore discussed for freezing and thawing cycles, the strength 
of cement matrix continues to develop after saturated water absorption, 
and the positive effect of strength increase is greater than the negative 
effect caused by dry and wet cycles. In addition, the compressive 
strength of the MO is higher than that of the UM, because heat treatment 
removes some soluble sugar, which not only improves the interface 
compatibility between bamboo sawdust and cement, but also improves 
the alkali corrosion resistance of BS, thus improving the overall resis
tance of the modified group to wet and dry aging. As can be seen from 
Fig. 3b, the dry-wet cycle has a significant weakening effect on the 
flexural properties of cement-based materials. The flexural strength after 
20 cycles is only 32.1% for the OPC, 37.0% for the UM and 46.8% for the 
MO that before the cycle, indicating that the durability of BS cement- 
based composites has been significantly improved after heat treatment. 

3.2. Compatibility of modified of Bamboo sawdust and Cement 

Fig. 4a shows the hydration-temperature of the cement-RBS − water 
mixed system and the cement-VHT modified BS-water mixed system. 
The hydration characteristic values of the mixture of VHT modified 
bamboo sawdust and cement are shown in Table 4. It can be observed 
from Fig. 4a and Table 4 that the hydration temperatures of the two 
mixed systems first increased and then decreased with the increase of 
time, but the two mixed systems have different temperature peak values. 
The hydration reaction of cement is delayed and the highest hydration 
temperature is reduced obviously because of the addition of BS. BS heat 
treated at a temperature of 200 ◦C for 10 h initiates the hydration 

Fig. 2. Mechanical properties number of freeze–thaw cycles: (a) compressive strength and (b) flexural strength.  

Fig. 3. Mechanical properties vs number of dry-wetting cycle: (a) compressive strength and (b) flexural strength.  
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process much earlier than RBS, which reaches the acceleration stage 
faster. During the acceleration period, tricalcium silicate and dicalcium 
silicate reacted more intensively, releasing more heat and giving rise to 
much higher maximum hydration temperature (MHT), the slope of the 
heat release curve was steeper. Compared with RBS composite, the MHT 
of 200℃-10 h composite was increased by 11.3℃, the time to reach the 
temperature was about 16 h earlier, the fitness coefficient was increased 
by 27.9% that indicating VHT significantly improved the compatibility 
between BS and cement and hence cement hydration. This may be 
mainly due to the degradation of a large number of hemicellulose and 
oligosaccharides by heat treatment, which reduces the slow coagulation 
component in the water extract and affects the hydration rate of cement 
clinker. The functional changes of the VHT modified BS show that as 
amount of free water is removed from cellulose and hemicellulose 
(Fig. 4b) and hemicellulose partially pyrolyzes to generate gases such as 
acetic acid and furfural, or form esters [34], the hydroxyl groups of BS 
are reduced, so that the intensity of the –OH absorption peak of VHT 

modified BS at 3404 cm− 1 is weakened. The weakening of the expansion 
and contraction vibration absorption peak intensity of C=O at 1730 
cm− 1 is caused by the thermal degradation of hemicellulose. There was 
no significant change in the intensity of the corresponding lignin char
acteristic absorption peak at 1634 cm− 1, 1510 cm− 1 and 1256 cm− 1, 
which was mainly due to the desorption water and partial ether bond 
fracture of lignin at 200℃, accompanied by the cross-linking conden
sation reaction of some lignin. The intensity of the absorption peak of 
C–O stretching vibration and –OH flexural vibration at 1040 cm− 1 de
creases, indicating the number of volatile aliphatic compounds is 
reduced. The absorption peak near 896 cm− 1 belongs to the stretching 
vibration of β-glycosidic bond, and the strength of this absorption peak 
decreases after heat treatment, which may be caused by the cracking of 
the glycoside bond as hemicellulose and cellulose degrade during heat 
treatment [35]. 

In addition, from the TG and DTG curves of BS before and after VHT 
modification (Fig. 4c and d), it can be seen that the initial pyrolysis 
temperature of the modified sawdust moved to the high temperature 
zone by 70℃, this is because the VHT degrades part of cellulose and 
improves the heat resistance of BS. The maximum pyrolysis rate tem
perature of the modified material is the same as that of RBS by the 
carbonization phase, but the maximum pyrolysis rate of the former is 
greater than that of the latter, which is caused by more intense cellulose 
pyrolysis in the modified material. TG/DTG characteristic parameters of 
BS before and after VHT modification show (Table 5) that the residual 
mass of modified BS is 10.55% higher than that of RBS, because the 
aromatic substances produced by lignin cross-linking condensation in 
modified BS could inhibit the pyrolysis of fibre. However, part of lignin 

Fig. 4. Compatibility of VHT BS and cement: (a) Hydration exothermic curve of mixtures, (b) FTIR patterns of modified BS, (c) TG curves of modified BS and (d) DTG 
curves of modified BS. 

Table 4 
Hydration characteristic of VHTBS-cement mixture.  

Number Maximum 
hydration 
temperature 
(Tm/℃) 

Time to reach 
the highest 
hydration 
temperature (t/ 
min) 

conformity 
coefficient 
(CA/%) 

indoor 
temperature 
(T/℃) 

RBS  40.1 1859  67.8 25 ± 1 
200℃- 

10 h  
51.4 860  95.7 25 ± 1  
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distributed on the surface of bamboo fibre after heat treatment could be 
combined with cellulose or hemicellulose to form a cross-linked struc
ture, which reduces the leaching amount of lignin and can also promote 
the hydration of cement to a certain extent. 

The above analysis also shows that VHT modification can degrade 
hemicellulose and remove the polar groups on the surface of bamboo 
fibre, and lignin could react with cellulose or hemicellulose to form a 
hydrophobic network structure with heat treatment, thereby the water 
absorption of modified materials decreased. The water absorption of 
VHT modified BS decreased by 15.2% compared RBS (Fig. 5), which is 
beneficial to the strengthening effect of BS on cement, which is also 
shown in the results of the mechanical strength test in Fig. 1. 

3.3. Crystal structure and interface microstructure of BS/Cement 
composites 

3.3.1. XRD analysis 
To further understand the compatibility of modified BS with cement, 

the XRD analysis of the modified BS and cement composites materials is 
carried out (Fig. 6). It can be seen that the VHT at 200℃ for 10 h did not 
change the cellulose type of BS (Fig. 6a) and the relative crystallinity of 
modified BS calculated from the equation (2) was 58.3%, which was 
9.1% higher than that of untreated BS. It is explained that the VHT may 
pyrolyze part of the hemicellulose, increasing the relative content of 
cellulose, and the degradation of various sugar groups in hemicellulose 
may produce crystalline structure, resulting in the increase of relative 
crystallinity of BS. Among them, hemicellulose in BS and volatile oli
gosaccharides, and high temperature for cross-linking condensation re
action of lignin with cellulose, make the water extract of 
monosaccharide anticoagulating ingredients, such as reduction of lignin 
content. All these promoted the formation and development of cement 
hydration products, and improved the compatibility of BS and cement. 
Therefore, it can be seen from Fig. 6b that the diffraction peak of calcium 
hydroxide at 2θ = 18.2◦ and 26.8◦, and the diffraction peak of calcium 
silicate hydrate at 2θ = 29.6◦ in the XRD spectrum of vacuum heat 

treatment group is stronger than those of unmodified group. The above 
analysis shows that the number of crystal products in the modified 
specimens is more and the strength is more fully developed, which is 
beneficial to the interfacial bond strength between BS and cement ma
trix, improving the mechanical properties of the composites. 

3.3.2. Microstructural analysis 
Change in microstructure of BS could make a significant influence on 

the bonding and interface structure of BS/Cement composites. It can be 
seen that due to the decomposition of some waxy, extractable and 
hemicellulose of BS by heat, the cell wall of bamboo fibre has produced 
some cracks and the surface of the fibre has become rough (Fig. 7a and 
b). Moreover, hemicellulose pyrolysis produces acetic acid, CO, CO2 and 
volatile low molecular weight sugars [36], and the spillover of these 
components may create a pressure gradient, and together with the oven- 
drying under vacuum condition makes the opening of inner wall of the 
fibre cavity, which helps cement matrix form “a glue nail” to the BS. 

The observation of Fig. 7c and d shows that after adding unmodified 
BS, it was observed that untreated fibre tended to agglomerate, the 
hydration of cement is hindered, and the hydration products are un
derdeveloped, especially the structure of the interface transition zone 
between BS and matrix is loose and porous and there is a wide gap, 
which results in low bond strength between BS and cement and reduces 
the effectiveness of BS strengthening. By contrast, the bonding strength 
between VHT modified BS and cement is much improved (Fig. 7e and f), 
the crack in the interface area is minimized. The compactness of cement 
matrix near BS is significantly higher than that of untreated composites. 
In addition, a large number of granular, plate or cluster hydration 
products can be observed on the surface of modified BS. These could be 
explained as follows: firstly, the pyrolysis of the chemical components of 
BS reduces the content of unfavorable components that inhibit the 
setting of cement, such the hydration of cement can be carried out 
smoothly, and the crystallization products develop well, so that the 
cement becomes dense; Secondly, VHT causes some cracks in the cell 
wall of BS and the surface becomes uneven, which is favorable for hy
dration products to grow on the surface of bamboo fibre in large 
quantities and beneficial for cement paste to enter the cell cavity to form 
a glue nail, forming a complete gel structure with high bonding strength 
with the external cement matrix [17]. 

3.4. Carbon footprint assessment 

As an important building material, the global production of ordinary 
Portland cement (OPC) 3.5 billion tons annually [37], accounting for 
about 8% of global carbon dioxide emissions [38]. As the largest 
developing country, China’s annual cement production accounts for 
about 60% [39]. According to the “China Building Energy Consumption 
Research Report (2020)”, the energy consumption of cement production 
stage is 130 million tce (ton of standard coal equivalent), and the carbon 
emission is as high as 1.11 billion tCO2. Driven by the strategic goal of 
carbon neutrality in China, cement has transitioned to low-carbon green. 
Among them, the raw material substitution method is an effective way 
to achieve the transformation, such as kaolin [40], carbon nanotubes 
[41], waste bamboo wood or derived biochar [38,42,43], to replace part 
of the cement to achieve the same performance requirements. As a 
traditional building material, bamboo has excellent carbon sequestra
tion ability and sustainability, and the application rate in China’s con
struction field has reached more than 20% [44]. 

Reducing CO2 emissions is another important feature of this devel
opment of BS/cementitious composites. This section refers to the basic 
carbon accounting method (emission factor method) provided by IPCC, 
and calculates the carbon emissions of OPC, UM and MO production 
stages according to Eq. (6). The results are shown in Table 6. 

Table 5 
TG/DTG Characteristic of BS before and after VHT modification.  

number Initial 
pyrolysis 
temperature 
(℃) 

Maximum 
pyrolysis rate 
(%/℃) 

Maximum 
pyrolysis rate 
temperature (℃) 

Residual 
weight rate 
(%) 

RBS 160  − 0.85 350  15.97 
200℃- 

10 h 
230  − 0.95 347  26.25  

Fig. 5. Water absorption rate of BS by VHT modification.  
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Fig. 6. XRD of modified BS and cement composites: (a) the RBS and the VHT modified BS; (b) the composites in the VHT modified group and the unmodified group.  

Fig. 7. SEM of BS and composites: (a) RBS, (b) 200℃-10 h; (c–d) Unmodified group of composites (RBS); (e–f) modified group of composites (200℃-10 h).  
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CP =
∑n

j=1
MjFj (6)  

Where, CP is the carbon emission during the block production stage 
(kgCO2/m3); Mj is the amount of the j raw material(t); Fj is the carbon 
emission factor of the j raw material (kgCO2/ number of units). 

The power consumption in Table 6 includes the total power con
sumption of the mixer and the vacuum drying oven during operation, 
which is not included here because the amount of each admixture is 
relatively too small. As can be seen from the table, the carbon emissions 
of OPC, UM and MO are 902.33 kgCO2/m3, 844.45 kgCO2/m3 and 
850.47 kgCO2/m3, respectively, which are 6.4% and 5.7% lower than 
OPC. Considering that the incorporation of 3% modified bamboo fiber 
does not affect the mechanical properties of the composite material, the 
reduced amount of cement per unit volume of the composite material 
can reduce the carbon emissions of the product. Since bamboo is a 
sustainable carbon negative material with a carbon sequestration 
amount of (8.13 ± 2.15 Mg⋅ha− 1⋅year− 1) on the ground [45], the actual 
carbon emission will be much less than the calculated results in Table 6, 
when it is used in cement-based composite materials in construction 
projects, which needs further research in the future. 

4. Conclusions 

Vacuum heat treatment (i.e., 160 ℃, 200 ℃ and 240 ℃ heat treat
ment 6–14 h) has been successfully developed to modify the bamboo 
fibre for an improved BS/cement composite. The VHT modification 
degraded a large amount of hemicellulose and extractives into volatile 
gases, and leads lignin to cross-linked condensation reaction, such 
increased the relative crystallinity of bamboo fibre, reduced the water 
absorption of BS, and made the surface of bamboo fibre uneven, which 
could effectively increase the mechanical meshing force and hence 
interface bonding and structure between bamboo fibre and cement. The 
mechanical properties of VHT modified BS and cement composites were 
much improved compared to those of the unmodified group, and the 
optimal mechanical strength was achieved for the composites with BS 
treated at 200℃ for 10 h was the best. The flexural and compressive 
strength were 11.33 MPa and 56.11 MPa, respectively, which were 
61.2% and 13.8% higher than those of the unmodified group. The 
developed composites depredated less under the freeze–thaw cycle and 
dry-wet cycle test; After 90 freeze–thaw cycles, the flexure retention 
value of specimens in Group UM was only 62.2%, while that in Group 
MO was 78.5%. After 20 dry and wet cycles, the flexural strength of UM 
and MO specimens is 32.1% and 46.8% of that before the cycle test, 
respectively. The carbon emissions of BS/cement composite production 
with and without VHT were 844.45 kgCO2/m3 and 850.47 kgCO2/m3, 
respectively, which were 6.4% and 5.7% lower than that of OPC com
posite production. 
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