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| Abstract

Effects of rice husk ash (RHA) on the strength and temperature resistance of concrete were investigated. Different
amounts of cement in concrete were replaced by RHA and fly ash (FA), used as mineral admixtures, under the
condition of a constant binder content. The compressive strength and temperature resistance were tested at dif-
ferent temperatures. The results show that mixing concrete with the appropriate amounts of RHA can improve
its compressive strength. At 800 °C, the strength is 50 % greater than that of normal concrete (NC). Thus, RHA
can improve the strength and temperature resistance of concrete.
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1 Introduction

With the emergence of high-rise buildings, fire prevention
has become particularly important. In the event of a fire,
the physical and mechanical properties of the aggregates
of concrete structures and cement-gelled materials are
degraded, resulting in a sharp drop in the load-bearing
capacity of structures, which can even cause collapse of
the building in serious cases. Therefore, the study of the
mechanical properties of concrete under high temperature
has great significance.

Normally, rice husk is piled in open air or occasionally
discarded or burnt in the fields, which results in serious
environmental pollution. The burning of rice husk can
also cause fires. The highly active silica fume (SF) plays
a significant role in the preparation of high-strength and
high-performance concrete. However, because of the lim-
ited availability of SF, it is too expensive for many practi-
cal engineering applications. The use of highly active RHA
to replace SF as the admixture for concrete can not only
improve the performance of concrete and reduce costs,
but also reduce the environmental pollution caused by rice

husk.

RHA, the product of burning raw rice husk, has a great-
er content of SiO, by more than 90 %. Compared with
conventional mineral admixtures such as fly ash (FA) and
slag, RHA has a huge specific surface area and high ac-
tivity, which is preferable for active mineral admixture.!
Studies on the chemical composition, microstructure, and
pozzolanic activity of active RHA have shown that the
root cause of the high activity of RHA is its high content of
amorphous SiO, components and nanoscale SiO, gel par-
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ticles, as well as micropores.? Some researchers in China
and abroad have also studied the application of RHA to
HPC, and their results showed that the addition of active
RHA greatly promotes the hydration reaction of cement,
improves the microstructure of concrete, and increases the
strength of concrete.’ In addition, concrete mixed with
RHA showed good durability properties in terms of frost
resistance, impermeability, and resistance to chemical at-
tack.® This suggests that RHA can potentially be a type of
active mineral admixture. Furthermore, this application of
RHA contributes to the sustainable development of envi-
ronmental resources.

The chemical composition and properties of RHA are dif-
ferent in different regions and with different experimen-
tal processes. However, there is limited research on the
high-temperature properties of RHA in China. Thus far, the
changes of the high-temperature mechanical properties
and internal microstructures of concrete mixed with local
RHA have not been clarified. Therefore, in this study, the
mechanical properties and internal microstructures of con-
crete produced with local materials were studied at five
different temperatures. Furthermore, the strength reduc-
tion law of high-temperature concrete mixed with RHA
was explored.

2 Experimental part
2.1 Materials

The RHA used in this study was collected after burning raw
rice husk in a boiler at 600 °C for approximately 60 min.
The XRD pattern of RHA is shown in Fig. 1, and Table 1
summarizes its chemical composition. As shown in the
X-ray pattern in Fig. 1, the main chemical components
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of RHA are SiO,, CaO, Fe,O,, and Al,O,. Characteris-
tic peaks of crystalline-phase SiO, appear at 260 = 22.0°,
28.4°,31.5°, and 36.1°, which correspond to lattice planes
of (101), (111), (102) and (200). Analysis with Jade indi-
cates that 28.13 % of RHA is crystal SiO,, whereas 55.87 %
of SiO, is in the amorphous state. It is worth noting that
amorphous SiO, has very high activity. The chemical com-
position of grade | FA, used in some concrete samples in
this study, is presented in Table 1. SEM images of RHA and
FA are shown in Fig. 2.
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Fig. 7 =XRD pattern of rice husk ash

The RHA particles have irregular edges, and their size
ranges from several micrometers to tens of micrometers.
Figs. 2(a) and (b) show that there are many small parti-
cles around large particles. The particle size distributions
of RHA are shown in Fig. 3. It can be found that the RHA
content with a particle size of 45 pm and below is greater
than 90 %. Thus, RHA is easily ground, and small parti-
cles are easily adsorbed on the surface of larger particles.
Fig. 2(c) shows that FA, which is commonly used to pro-
duce high-performance concrete (HPC), consists of spher-
ical particles. Owing to the spherical particles of FA and its
activity, FA increases the workability and long-term com-
pressive strength of concrete.'*"2
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Fig. 2 —SEM images of (a) and (b) rice husk ash, and (c) fly ash

Table 7 —Mineral composition of the cement
w/%
s |
21.16

C.S
56.90

CA
4.83

C,AF
17.11

The cement (C) used in the concrete is ordinary Portland
cement with the strength grade of 42.5 complying with the
Chinese National Standard GB 175-2007 of Horse Racing
brand from Ningxia in China. Its 28-d compressive strength
is 45.2 MPa, and its flexural strength is 8.3 MPa. Table 1
shows the mineral composition of the cement. The content
of C;S and C,S is greater than 78 %. The physical proper-
ties of C, FA, and RHA including chemical composition,
specific gravity, and fineness are summarized in Table 2.
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Fig. 3 —Particle size distribution of rice husk ash
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The coarse aggregate used in the mixture is natural coarse
aggregate made of crushed limestone. lIts particle-size
distribution has a continuous gradation in the range of
5-25 mm, crush index of 6.4 %, and mud content of
0.8 %. The fine aggregate used in the mixture is natural
sand composed of quartz. Its fineness modulus is 2.78, and
mud content 2.1 %. In addition, the dosages of polycar-
boxylate superplasticizer (SP) used in concrete is 2 % and
the water-reducing rate is up to 25 %. The water used for
mixing is drinking water.

2.2 Mixture proportions

In this study, the effects of admixtures including RHA and
FA on the mechanical properties and microstructure of
concrete were investigated after being subjected to ele-
vated temperatures. Seven mix proportions were designed
with a constant water to binder ratio of 0.30. Cement was
replaced with RHA and combined admixtures of RHA/FA
by weight; the mass fraction of rice RHA'is 10 %, 15 %, and
20 %, and the fraction of FA was kept constant at 15 %.
The designed mixture proportions of concrete are listed
in Table 3. The mixture types were designed based on the
type and fraction of cement replacement. For example, in
RT10F15, 25 % C was replaced with 10 % RHA and 15 %
FA.

2.3 Experimental method

High-temperature tests were conducted with cubical spec-
imens of size 100 mm. All the specimens were maintained
under a standard curing condition (20 = 2 °C and relative
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humidity greater than 95 %) for 56 days. The average wa-
ter content in specimens prior to testing is approximately
3—4 %. To avoid explosive spalling, the test had been start-
ed after drying for 72 h in a drying box at 100 °C. The ex-
periment was performed in a box-type resistance furnace
with an average heating rate of 10 °C min~" which was
reported by some researchers.” Five test temperatures
were chosen: room temperature (20 °C), 200 °C, 400 °C,
600 °C, and 800 °C. Except for the room-temperature test,
the specimens were exposed to target temperatures for 2 h
in the steady-state condition, because the time at the tar-
get temperature impacts concrete strength. Subsequently,
the furnace was turned off, and the door of the furnace
was opened. The temperature of the specimens was re-
duced to room temperature through natural cooling in the
furnace for 24 h. The relative humidity in the laboratory
was 40 % during cooling. Then, the YAW-4306 comput-
er control universal testing machine was used to test the
compressive strength of concrete; each mixture contained
three samples at each temperature, and the average values
were taken.

The thermal analysis instrument used was a Setsys Evolu-
tion differential scanning calorimetry (DSC) — thermogravi-
metric (TG) comprehensive thermal analyser manufac-
tured by SETARAM. The DSC-TG analyses were performed
at temperatures ranging from 20 °C to 1000 °C with a heat-
ing rate of 10 °Cmin~". X-ray diffraction (XRD) analysis was
performed using the Dmax 2200PC X-ray diffractometer
with a scanning range from 3° to 146°, manufactured by
Rigaku Corporation. SEM images were acquired using the
scanning electron microscope KYKY2800B manufactured
by KYKY. Its resolution is 10 nm, and its magnification factor
could be adjusted continuously in the range of 25-20000.

Table 2 —Main chemical composition, specific gravity and fineness of cement, FA, and RHA used

w

= . Blaine BET
% density fineness | specific surface
Si0, | ALO, |Fe,0,] a0 [Mgo | so, | 8™ m? kg m? gt
Cement | 21.08) 5.12 5.31 [65.28| 1.01 | 1.98 3.19 335 —
FA 45.0 | 26.8 8.53  7.35 2.84 2.86 2.55 650 —
RHA 84.0 | 135|145 317, — 0.923 2.09 — 19
Table 3 —Mix proportions for the designed mixtures
Mix proportion/kgm=3
Sample water cement sand aggrzrgsste RHA FA SP
NC 150 500 700 1050 0 0 10
R10 150 450 700 1050 50 0 10
R15 150 425 700 1050 75 0 10
R20 150 400 700 1050 100 0 10
RT10F15 150 375 700 1050 50 75 10
R15F15 150 350 700 1050 75 75 10
R20F15 150 325 700 1050 100 75 10




160

A field-emission scanning electron microscope, JSM7500F,
manufactured by JEOL Corporation was used in this study.
Its magnification factor can be adjusted continuously in the
range of 20—800000.

3 Results and discussion

3.1 Influence of rice husk ash on the strength of
concrete at high temperatures
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Fig. 4 - Compressive strength change at different temperatures

Generally, the strength of concrete is reduced by varying
degrees at high temperature. Fig. 4 shows the variation
of residual compressive strength of concrete for different
temperatures. The compressive strength of RHA concrete
is higher than that of NC at room temperature. The com-
pressive strengths of NC, R10, R15, and R20 concrete are
slightly improved at 200 °C compared to those at 20 °C.
This may be due to the hydration of unhydrated cement at
200 °C. The hydration of cement leads to the formation of
more hydrated calcium silicate (C-S-H) gel. Thus, the com-
pressive strength of concrete is increased with the hydra-
tion. The extent of improvement in compressive strength
is reduced with the increase in the RHA content. With the
mixtures of 0 %, 10 %, 15 %, and 20 % RHA content, the
compressive strength increased by 8.7 %, 8.6 %, 3.1 %,
and 5.7 % respectively. The compressive strength of com-
pound mixed RHA/FA concrete at 200 °C is lower than that
at 20 °C. This is mainly due to the decrease in the content
of unhydrated cement with greater RHA/FA replacement.
At 200 °C, the concrete suffers microstructural damage, far
exceeding the strength improvement due to the high-tem-
perature curing effect. Therefore, the compressive strength
of compound mixed RHA/FA concrete is reduced at
200 °C. However, the extent of compressive-strength re-
duction is increased with the increase in the RHA content.
With 10 %, 15 %, and 20 % RHA content, the compres-
sive strength is reduced by 9.9 %, 10.3 %, and 12.5 %, re-
spectively, relative to the sample with the lower RHA con-
tent. The compressive strength of all samples of concrete
decreased at 400 °C, but the extent of decrease was not
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high. When heated to 600 °C, the compressive strength
decreased significantly; in the case of 10 % RHA/15 % FA
concrete (R10F15), the decrease is 49 %. At a tempera-
ture of 800 °C, the compressive strength of concrete is only
30 %—40 % of that at room temperature. However, the
compressive strength of RHA concrete is higher than that
of NC. The residual compressive strength of R20 is 50 %
greater than that of NC.

3.2 Change of cement phase at high temperature
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Fig. 5 = DSC-TG curves of cement paste

DSC and TG tests of NC, R20, and R20F15 concrete were
performed at 201000 °C; the results are shown in Figs. 5(a)
and (b), respectively. Fig. 5(a) shows an endothermic peak
for the three samples between 20 °C and 1000 °C. The
corresponding temperature range is also consistent among
the three samples. The endothermic peak of NC was the
strongest with the maximum mass loss. There is an obvious
endothermic peak near 120 °C in NC. However, the curves
for R20 and R20F15 are relatively smooth. Fig. 5(b) shows
that the quality loss of NC is greater. The reason for the
deterioration in quality is the evaporation of free water in
concrete.” The endothermic peak near 450 °C and 570 °C
is caused by the decomposition of Ca(OH), and dehydra-
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tion of C-S-H gel. The deterioration of quality is clearly
observed from the TG curve.

When the temperature is near 800 °C, obvious endother-
mic peak can be seen in the DSC curve of Fig. 5(a). In
the corresponding TG curve, there is a significant loss of
mass, which is due to the decomposition of CaCO;. The
quality losses for NC and R20 are approximately 23 % and
12 %, respectively. Fig. 6 shows the XRD patterns of R20 at
20 °C, 200 °C, 400 °C, 600 °C, and 800 °C.
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Fig. 6 —=XRD patterns of R20 cement paste at different temper-
atures

The XRD analysis shows that, with the change of temper-
ature, the content of crystallization products of cement
stone change. From 20 °C to 400 °C, the diffraction peaks
of the Ca(OH), crystal planes (001) and (101) (d = 0.263
and 0.490 nm, respectively) decreased significantly. We
can hardly observe the diffraction peak above 600 °C. This
shows that Ca(OH), starts to break down when heated
above 400 °C. At 600 °C, most of the Ca(OH), has decom-
posed, and the C-S-H gel has been dehydrated. At 800 °C,
the diffraction peak of CaCO; decreased significantly be-
cause of its decomposition. This result is consistent with
the DSC-TG thermal analysis.

(@) 20°C (b) 200 °C

(c) 400 °C
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Fig. 7= —XRD curve of cement paste at 800 °C

The curves of cement stone of NC, R20, and R20F15 sam-
ples heated to 800 °C are shown in Fig. 7. At 800 °C, the
diffraction peak of Ca(OH), cannot be observed in the fig-
ure because of the decomposition of Ca(OH),. The char-
acteristic diffraction peak intensities of 3CaO - SiO, and
2Ca0 - SiO, of mixed RHA concrete are lower than those
of NC. This is because the active SiO, from RHA and the
hydration product of cement, Ca(OH),, react with each
other and promote cement hydration. Therefore, the com-
pressive strength of RHA concrete is higher than that of
NC.

3.3 Change in microstructure of concrete
at high temperatures

The SEM images of the cement stone of NC at room tem-
perature are shown in Fig. 8(a). A needle mesh structure
can be observed from the figure at room temperature,
and the pore-structure gradation is relatively poor. The
concrete structure is non-densified. Meanwhile, there is
a greater amount of calcium hydroxide and ettringite. At
200 °C, the free water of cement and the water of capillary
pores escaped, generating more C-S-H gel, which promot-

(d) 600 °C
Fig. 8 — SEM micrographs of NC concrete cement after high-temperature treatment (2000 X)
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(d) 600 °C

Fig. 9 - SEM micrographs of R20 concrete cement after high-temperature treatment (2000 )

ed the hydration reaction of cement, and made the struc-
ture of concrete more compact than that at room temper-
ature. At 400 °C, cracks appear on the surface of concrete,
as shown in Fig. 8(c), and the structure is not as compact
as at 200 °C. At 600 °C, the hydration product starts los-
ing combined water. Fig. 8(d) shows that many holes and
cracks appear in the cement stone. At 800 °C, the crys-
tal water is completely lost, and unhydrated particles in
cement and the quartz component of the aggregate react
to crystallize. Accompanied by huge expansion, cracks are
formed within the aggregate, and the C-S-H gel is incom-
plete. Meanwhile, the internal structure of the concrete
becomes loose, and the strength decreases sharply.

SEM micrographs of R20 concrete cement after high-tem-
perature treatment are shown in Fig. 9. The concrete with
20 % cement replaced by RHA is more compact than NC
at room temperature. This is mainly because of the active
SiO, of RHA, which reacts with Ca(OH), to produce a
greater amount of C-S-H gel. The unhydrated RHA can
fill the pore structure, making the concrete more compact.
When a part of cement is replaced by RHA, the internal
structure of concrete changes with temperature, which is
similar to the trend observed in NC. However, the strengths
are higher in RHA concrete, and its structure is more com-
pact than that of NC after high-temperature treatment.

SEM micrographs of R20F15 concrete cement after
high-temperature treatment are shown in Fig. 10. The con-
crete with 35 % cement replaced by 20 % RHA and 15 %
FA by mass is more compact than NC at room tempera-
ture. This is because the pozzolanic reaction of RHA and
FA consumes Ca(OH),, which improves the microstructure
of concrete. The internal structure of concrete is not com-
pact at 200 °C compared to that at 20 °C. This is main-
ly due to the lower content of unhydrated cement with

(d) 600 °C
Fig. 10 — SEM micrographs of R20F15 concrete cement after high-temperature treatment (2000 X)

greater RHA/FA replacement. As mentioned previously,
the microstructural damage of concrete occurs at 200 °C.
Above 400 °C, the internal structure of concrete changes
with temperature, which is similar to the trend observed in
NC and R20.

4 Conclusions

We experimentally investigated the mechanical properties
and internal microstructures of concrete at five different
temperatures. The following conclusions are drawn from
the experimental results.

(1) At room temperature, the compressive strength of RHA
concrete is higher than that of NC, and its structure is more
compact. With the increase in temperature, the trends of
the compressive-strength change are slightly different. At
400 °C, the compressive strength changes slightly. Above
400 °C, it decreases sharply. When heated to 800 °C, the
compressive strengths of the specimens are 30 %—40 % of
those at room temperature. Single-mixed RHA and com-
pound-mixed RHA/FA improve the compressive strength
of concrete to different degrees after high-temperature
treatment. However, the residual compressive strength of
R20 is the highest, and it is 50 % higher than that of NC.

(2) The active SiO, from RHA and the hydration product
of cement, Ca(OH),, react with each other and promote
cement hydration and generate the C-S-H gel. Meanwhile,
different sizes of unhydrated RHA particles show a good
grading effect, filling the pore structure and making con-
crete denser, in turn increasing the strength of concrete.

(3) The structure of C-S-H gel in concrete is complete at
room temperature, and it forms a staggered mesh struc-
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ture. The structure of RHA concrete is more compact than
that of NC at room temperature with a lower density of
pores.

(4) After the high-temperature treatment, the internal
structure of concrete changes. The changes in the structure
of RHA and RHA/FA concrete are similar to those of NC.
At 200 °C, the free water of cement and the water of capil-
lary pores escape, promoting the hydration reaction of ce-
ment and making the structure of concrete more compact
than that at room temperature. However, the structure of
RHA/FA concrete is less compact than that at room tem-
perature. Above 200 °C, the C-S-H gel decomposes, and
the structure of concrete remains incomplete. Meanwhile,
CaCO, decomposition occurs, and Ca(OH), breaks down
gradually. Therefore, the internal structure of the concrete
becomes loose. An increasing number of cracks between
the aggregate and the cement paste are observed, which
decreases the strength. Compared to NC, the internal
structure of RHA concrete is more compact than that of
NC after high-temperature treatment.

Summary

This paper introduces the mechanical properties and in-
ternal microstructures of rice husk ash (RHA) concrete
at five different temperatures and with different com-
positions. The phase composition and microstructure of
cement at different temperatures were examined using
differential scanning calorimetry/thermogravimetric anal-
ysis, X-ray diffraction, and scanning electron microscopy.
The results indicate that, at room temperature, the com-
pressive strength of RHA concrete is higher with a more
densified structure compared to that of normal concrete;
the compressive strength of single-mixed RHA concrete in-
creased slightly with increasing RHA content, whereas that
of concrete containing RHA mixed with fly ash decreased
with increasing RHA content. When cement was heated
at 400 °C-800 °C, the compressive strength decreased
continuously because of the decomposition of CaCO;. At
800 °C, the compressive strengths are 30 %—40 % of those
at room temperature, and the concrete structure is loose.
We found that the compressive strength of concrete with
20 % cement replaced by RHA is 50 % greater than that
of normal concrete. The results of this study will be useful
in the application of RHA to develop high-performance
concrete.
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List of abbreviations and symbols
C — cement
C,S  —dicalcium silicate, 2CaO-SiO,
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C,A  —tricalcium aluminate, 3CaO-Al203
C,S  —tricalcium silicate, 3CaO-SiO,

C,AF  — calcium aluminoferrite, 2CaO-xAl,O; - (1 —x)Fe, O,
C-S-H - calcium silicate hydrate

DSC - differential scanning calorimetry

FA — fly ash

HPC - high-performance concrete

NC - normal concrete

RHA - rice husk ash

SEM  —scanning electron microscopy

SF — silica fume

SP — superplasticizer

TG —thermogravimetric analysis

XRD - X-ray diffraction

d — spacing between the planes in the lattice, nm
0 — diffraction angle, °

w — mass fraction, %
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Utjecaj pepela rizinih ljuski na visokotemperaturna
mehanicka svojstva i mikrostrukturu betona
Weihong Wang,®® Yunfang Meng®" i Dezhi Wang?

Istrazen je utjecaj pepela rizinih ljuski (RHA) na ¢vrstocu i toplinsku otpornost betona. Uz stalan
udio veziva, razlicite koli¢ine cementa u betonu zamijenjene su pepelom rizinih ljuski i lebde-
¢im pepelom (FA). Pri razli¢itim temperaturama ispitana je tlacna ¢vrstoca i toplinska otpornost.
Umjesavanjem odgovarajuce kolicine RHA u beton moze se povecati njegova tlacna ¢vrstoca. Pri
800 °C ¢vrstoca je veca 50 % od Cvrstoce obi¢nog betona.

Klju€ne rijeci

Pepeo rizinih ljuski, beton, tlacna ¢vrstoca, visoka temperatura
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