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Abstract The influence of rice husk ash (RHA) on the thau-
masite formation of cement pastes containing limestone pow-
der was investigated. The specimens which were cured in 2 %
MgSO, solution were prepared with different ratios of coarse
rice husk ash (CRHA) and fine rice husk ash (FRHA) to ce-
ment. The visual change of mortars was inspected monthly.
Compressive strength, length and mass developments were
examined as functions of time. The products of sulfate at-
tack were examined by X-ray diffraction, Fourier transform
infrared spectroscopy and Laser-Raman spectroscopy. The
results showed that the degree of deterioration was retarded
when cement was partially replaced by RHA. The use of
FRHA showed better performance than those of the coarser
ones. No obvious degeneration was observed in the mortar
contains 20% FRHA after 12months of immersing in the
MgSO, solution.
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1 Introduction

As known to all, sulfate attack on cement-based material
is a worldwide concern, because it may lead to expansion,
mass loss and ultimately to disintegration [1]. This behavior
is mainly due to the reaction of the hydration products of
cement material with sulfate ions from the material or en-
vironment to gypsum, ettringite (C3A - 3CaSOy4 - 32H,0)
and thaumasite (CaSiO3 - CaCOs3 - CaSOy4 - 15H,0)[1,2].
The formation of thaumasite requires four primary risk fac-
tors: presence of carbonate, a source of sulfate, excess water
and low temperature (<15 °C). The problem of thaumasite
form of sulfate attack (TSA) was concerned during the past
decades because of'its prevalent in buried concrete [ 1,3]. TSA
destroys the structure of calcium silicate hydrates (the main
hydration product of cement paste) and leads to transforma-
tion of concrete into a mush from the surface inwards [3-9].
The optimum formation condition from cementitious mate-
rials, aggregates, additives and sulfate sources to thaumasite
were clearly established [10-13].
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Studies to date had been concentrated on the search of
mortar or concrete mixes capable of resisting TSA, among
which, the use of mineral admixtures had been a represen-
tative method for retarding the deterioration rate of TSA on
cement-based materials in sulfate environments. Addition of
mineral admixtures (fly ash, blast-furnace slag and rice husk
ash (RHA)) not only modified the chemical properties of the
cement-based materials by dilution of C3 A concentration and
removal of CH through pozzolanic reaction, but also opti-
mized the compactness of the mortar and concrete, and thus
enhances the sulfate resistance of mixtures exposed to sulfate
conditions [14,15].

The RHA obtained from rice husk under controlled burn-
ing conditions is a highly reactive pozzolanic material. Sev-
eral investigators [16—19] reported the effectiveness of RHA
in concrete performance. For example, concrete containing
RHA exhibit higher compressive strength, low water absorp-
tion, low porosity and good resistance against the traditional
sulfate attack. However, the influence of RHA on TSA in
cement-based materials has not been reported. The objec-
tive of this work is to investigate the effect of RHA on the
thaumasite formation in cement pastes containing limestone
powder. Results of this work could be used to enhance the un-
derstanding of the durability of limestone—cement with RHA
and could be referential in selection of materials subjected
to sulfate environment.

2 Experimental Methodology
2.1 Raw Materials

The cement used in this work was Portland cement produced
by YangFang Cement Company of Hubei province, in accor-
dance with the Chinese standard GB 175 Type II (P1142.5). It
has a mean grain size of 16.17 wm and specific surface area
(Blaine fines) of 358 m?/kg. The physical properties of ce-
ment are shown in Table 1. The limestone from Wuhan quarry
was grinded using a ball mill for 30 min. The specific sur-
face area of limestone powder is 390 m? /kg. Rice husk from
Hubei province was incinerated in a high-temperature fur-
nace at 650 °C for 3 h. The incineration product was grinded
using a ball mill for 15 and 180 min, respectively. The mean
particle size of FRHA and CRHA was 10.66 and 25.35 pm,
respectively. Table 2 presents the major constituents of each
material. Chemical reagent of magnesium sulfate was used to

Table 1 Physical properties of cement

Physical properties of cement

Specific gravity 3.25
Initial setting time (min) 95
Final setting time (min) 215
Specific surface (m?/Kg) 358
mineral composition (wt%)

C3S (%) 53.45
CoS (%) 26.29
C3A (%) 5.96
C4AF (%) 8.27

prepare aggressive solution. SEM micrograph of the FRHA
and CRHA is presented in Fig. 1. Figure 2 shows the particle
size distribution of the three main materials.

2.2 Mix Design and Specimens Preparation

A series of cement pastes with water to binder mass ratio
(W/B) of 0.485 and different RHA/binder ratios were pre-
pared by a casting method. Table 3 shows the mix proportion
of the samples. The test specimen is of arectangular bar shape
and two sizes of test specimens which were 40 mm x40 mm x
160 mm and 25 mm x 25 mm x 285 mm were applied. Spec-
imens having dimensions of 40 mm x 40mm x 160 mm
were used to measure mass and compressive strength, while
25mm x 25mm x 285 mm prisms were used to measure
length change. All the specimens were demolded from the
casting after 24h and cured in water at 20 °C for 28 days.
In order to study the compressive strength of mortars under
TSA and to compare the results to normal condition, after
28 days of curing in water, all the mortars were stored in two
different conditions: water at 5 + 1 °C (control) and a 2 mass
% magnesium sulfate solution at 5+ 1 °C for 12 months. The
solution was regularly changed monthly.

2.3 Methods

When the immersion ages of the specimens in solutions
reached a certain point, for example, 0, 4, 8 and 12 months.
A series of tests were performed on the specimens includ-
ing investigations of the outward appearance, measurement
of length and mass, as well as compressive strength. X-ray

Table 2 Chemical composition

of raw materials (Wt%) Name CaO SiO; AlLO3 Fe; 03 MgO SO3 R,O f-CaO IL
Cement 61.27 21.04 6.94 2.36 1.32 1.94 0.97 0.67 3.16
Limestone 51.35 51.35 5.63 1.82 0.56 - - - 40.41
RHA 1.24 88.65 0.51 0.86 0.29 - 3.54 - -
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Fig. 1 SEM micrograph of (a)

FRHA and (b) CRHA used in
this study
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Fig. 2 Particle size distribution pattern of the different materials used
in this study

Table 3 Mix proportion of the samples

Sample  Binder/kg Sand/kg  Water/
binder
Cement CRHA FRHA Limestone
PC 408 72 1,320 0.485
CRHAS5 384 24 72 1,320 0.485
CRHA10 360 48 72 1,320 0.485
CRHA20 312 96 72 1,320 0.485
FRHAS5 384 24 72 1,320 0.485
FRHA10 360 48 72 1,320 0.485
FRHA20 312 96 72 1,320 0.485

diffraction (XRD), Fourier transform infrared (FTIR) spec-
troscopy and Laser-Raman spectroscopy were used to an-
alyze the chemical characteristics of the specimens so as
to distinguish the degradation products of the cement mor-
tars after exposure to MgSO, solution. The samples used
for micromorphology analysis were cut from the surface of
the mortars. Pieces of the freshly cut samples were stored

in isopropanol for at least 24 h. Samples were then grinded
with isopropanol in a mortar and dried. Samples were finally
passed through an 80 pm sieve.

X-ray diffraction patterns of the sample powder were col-
lected on an XRD (Model D/MAX-IIIA, Japan) with CuKa
radiation (35kV, 30mA) over an angular rotation from 5° to
60°.

FTIR (Model Nicolet 60 SXB FTIR, USA) was used. The
range of wavenumber is between 400 and 4,000 cm™ L.

Raman spectroscopic measurement was carried out using
a Renishaw Raman Microprobe (Type RM-1000).

3 Results
3.1 Visual Observation

Figure 3 shows the visual appearances of specimens after 12
months of immersion in 2% MgSO, solution. This figure
shows that the degree of the degeneration owing to MgSO,
attack was reduced with the increasing RHA content. In the
period of 12months, no visual change was observed on the
specimens during the first 3 months. The beginning of sam-
ple degeneration was first noted on the PC specimens after
4 months of exposure. Onset of deterioration found on sam-
ple surfaces was delayed for the mortars containing RHA.
After 12months of exposure, the PC mortars had the most
severe degeneration. Soft white substance was formed on
the surface, and part of the substance was precipitated on
the container bottom due to its scaling. The strength of sam-
ple was much decreased. The surface of specimens CRHAS,
CRHA10 and FRHAS scaled off seriously. Corners of these
specimens lost integrity, nevertheless the CRHA20 and
FRHA10 specimens showed medium degeneration, even up
to 12 months of exposure. Moreover, the FRHA20 test bar
did not show any visible changes for up to 12 months.

Therefore, the visual inspection results showed that the
RHA content and fineness have a resistance effect against
the sulfate attack of cement mortars.
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Fig. 3 Specimens cured for
12months in 2 % MgSO,
solution at 5°C

CRHAS

CRHAI10 CRHA20

PC FRHA5 FRHAIO FRHA20
Table 4 Compressive strength -
for the mortar exposed to sulfate Sample name Compressive strength (MPa)
and in water Water Sulfate solution
28days 90days 180days 270days 360days 90days 180days 270days 360days
PC 47.7 51.9 54.1 543 54.5 42.1 36.2 18.9 2.6
CRHAS 47.9 52.5 543 54.7 54.9 43.3 38.4 27.5 13.9
CRHA10 48.5 53.0 54.4 55.1 55.5 49.7 44.4 38.2 36.4
CRHA20 48.7 53.6 54.8 55.3 55.8 51.6 48.6 42.7 39.5
FRHAS 48.2 52.9 49.2 55.0 55.2 48.1 39.9 31.5 18.8
FRHA10 49.1 53.3 55.1 55.6 56.2 51.8 46.2 423 39.7
FRHA20 49.5 53.7 55.4 56.1 56.7 53.9 51.8 47.2 42.8
3.2 Compressive Strength 4 FRHA e CRHA
" 1.0 « T Polinomifil Fi't of FRHA
Table 4 presents the values of strength for the mortar bars g i-‘\_\\\ _______ Polynomisl Fit of CRHA
immersed in water and those exposed to MgSO, solution. E 087 RN
It is clear that the compressive strength values of samples T:: \"‘»\{’\
exposed to MgSO, solution decreased in comparison with g, 061 \‘\_\ . y=0.0010X*-0.0578X+0.9531
the samples immersed in water. The compressive strength ) \\\\\ R’=0.9975
of RHA-blended mortars in water even increased with the f 044 ~ : L
curing age compared with PC mortar. Table 4 also indicates % R RS
that the fineness of RHA also affect the compressive strength = 024 y=0'001fx-'0'0687X+0'9382 h . e N
. o g 0 R’=0.9985 .
of specimens. The mortars used FRHA seemed to gain higher S T
compressive strength than those of the coarser ones. 0.0 -
Figure 4 presents the compressive strength relative loss ’ 0 5 10 15 20

(CSL) of the mortars after 12 months of immersion in MgSO,
solution. The CSL is calculated on the basis of the strength of
mortars immersed in sulfate solution after certain time, mi-
nus the initial strength of mortars before immersed in sulfate
solution, divided by the initial strength, as expressed in the
following equation:

CSL(#) = [CSu(?) — CSq(0)] x 100/CS¢ (0) (1)
where CS,, (¢) is the average strength of samples immersed in
MgSO, solution, CS,(0) is the average strength of samples
after 28 days curing in water, and « is the replacement level
of RHA, as well as ¢ is the time of exposure in MgSO, solu-
tion. As it can be deduced from Table 4 and Fig. 4 that mor-
tars blended with RHA exhibited a better performance when
immersed in aggressive solution, the CSL for the mortars

7
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Fig. 4 Compressive strength evolution versus sulfate immersion time

containing RHA was decreased when the content of RHA
is increased. Moreover, mortars containing RHA stored in
sulfate always presented lower CSL value than PC mortar.
The aforementioned phenomenon became more significant
as curing time lapsed.

Figure 5 shows a relationship between compressive
strength loss and replacement level of RHA. Regression
analysis was applied in order to evaluate the correlation be-
tween the CSL and the content of RHA. Regression curves
of a polynomial fit with correlation coefficients of 0.9975
and 0.9985 were drawn in the figure. The results indicated
that strength loss decreased in a polynomial manner as RHA
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Fig. 5 Relationship between the strength loss of mortars and the ce-
mentreplacement ratios after 12 months of immersion in sulfate solution

content increased. The CSL of blank specimen was 94.5 %,
and decreased to 61.0, 39.8 and 9.5 % in mortars with 5,
10 and 20% FRHA, respectively. Figure 5 also indicates
that the CSL decreases with finer RHA. The strength loss
of CRHA20 was 18.9 %, and decreased to 9.5 % in mortar
with 20% FRHA. After application of 20 % RHA, the de-
crease in CSL seemed to reach a plateau.

3.3 Length Change

The effect of RHA on the length change (LC) of mortar spec-
imens due to sulfate attack was studied. The length of speci-
mens in different curing ages was tested, and the results were
analyzed by using the following equation:

LC = [L(1) — L(0)] x 100/L(0) 2)

where L(t) is the average length of samples cured in MgSO,
solution, L(0) is the average length of specimens after 28 days
of curing in water, and ¢ is the time of exposure in MgSO,
solution.

The LC of samples with time is presented in Fig. 6. The
LC was found to be low in both the blank samples and the
RHA samples within 6 months of exposure. However, af-
ter 12months of exposure, the LC values of PC specimen
increase dramatically while LC values of RHA specimens
were much lower than that of PC specimens, most FRHA
samples even below 0.100 %. For example, the LC for PC
specimen was about 1.012 %, whereas specimens FRHAS,
FRHA10 and FRHA20 showed expansions of 0.113, 0.097
and 0.058 %, respectively. These results indicated that speci-
mens containing RHA showed better performance than con-
trol mortar (PC). Besides, the expansion was also influenced
by the RHA fineness. The expansion of mortar CRHA20 was
0.132 %, while the expansion of sample containing 20 % of
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Fig. 6 Expansion of mortars exposed to MgSO, solution at 5 °C
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Fig. 7 Mass loss of mortar specimens exposed to MgSO, solution at
5°C

FRHA was 0.058 %, which indicated that the use of FRHA
had even lower expansion than those of the coarser ones.

3.4 Mass Change

Figure 7 presents the mass change of mortars immersed in
MgSO, solution. As for cement-based materials, the mass
loss was mainly due to a reaction of the hydration products of
cement paste with sulfate ions to sulfate-bearing substances,
which can lead to serious degradation. The mass of spec-
imens in different curing ages was tested, and the results
were analyzed by using the following equation:

MC = [M(t) — M(0)] x 100/M (0) 3)

where M (¢) is the average mass of samples cured in MgSO,
solution, M (0) is the average mass of specimens after 28 days
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Fig. 8 XRD patterns of the mortar prisms after 1 year exposure to MgSO,. a CRHA content. b CRHA20 and FRHA20

of curing in water, and ¢ is the time of exposure in MgSOy,
solution.

From this figure, it is clear that the PC specimen has the
largest mass loss (12.74 %) after 12 months of exposure. It
is obvious that mortars with higher contents of RHA exhib-
ited better stability. For example, the mass loss of specimens
CRHA20 and FRHA20 after 12 months of exposure was 4.24
and 0.31 %, respectively. It can also be seen that the use of
FRHA had lower mass loss than those of the coarser ones.
The results of mass change test are in accordance with the
results from the compressive strength test and length change
test.

3.5 Mineralogy Analysis

The XRD patterns of the surface of mortar bars after
12months of immersion in sulfate solution are shown in
Fig. 8. It is indicated that gypsum (at 11.5°), brucite
(Mg(OH),, at 18.5° and 38.0°), thaumasite (at 9.2°) and/or
ettringite (at 9.1°) are the major crystalline phases present
in the tested samples. However, no detectable Ca(OH), was
found in the PC mortar.

Thaumasite belongs to the ettringite-like mineral group,
which has a similar XRD pattern with ettringite due to its
similarity in crystallographic structure and morphology with
ettringite, so thaumasite and ettringite are hardly separated
in their XRD pattern [20]. Moreover, possible formation of
thaumasite—ettringite solid solutions makes the identification
more complex. Therefore, the products and types of sulfate
attack in the samples could not be confirmed by the XRD
patterns, and it is recommended by this work that further
investigation should be conducted by suitable characteriza-
tion techniques to distinguish ettringite and thaumasite in the
future TSA studies.

Figure 9 presents the FTIR spectra of the mortar speci-
mens with different replacement levels of RHA after immer-
sion in MgSO, solution for 12 months. The absorption bands
were identified by reference to previously published IR data
on ettringite and thaumasite as showed in Table 5 [21,22].
The obvious peaks at about 499 and 670cm~! of all the
specimens are assigned to SiOg group, and this state of Si—O
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Fig. 9 FTIR spectra of specimens

Table 5 Wavenumber of important absorption bends

Wavenumber/cm ™! Assignment

1,680 O-H bend

1,400 C-O stretching (CO37)
1,100 S-O stretching (SO37)
940/920 Si04

875 C-Obend (CO3")

750 SiOg stretching

500 SiOg bending

indicates the existence of thaumasite. The peaks at 851 cm™!

were assigned to the presence of AlOg group; the medium
strong peak at 875 cm™! is ascribed to C—O bending vibra-
tion of CO%‘ group, and the broad band at about 1,413 cm™!
is attributed to C-O stretching vibration of COg_ group. A
strong peak at 1,116 cm™! associated with SOZ_ group (S—
0) indicates the formation of massive sulfate-bearing sub-
stances like ettringite or gypsum. Consequently, it can be
confirmed that the deteriorated samples contained mainly
thaumasite, ettringite and gypsum in specimens PC, CRHAS
and CRHA10, but there is little thaumasite in specimens
CRHA20 and FRHA20.
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Fig. 10 Raman spectra of specimens

Table 6 Characteristic peak value of various matters in Raman spectra

Matter Major peaks location/cm™' Minor peaks location/cm ™!
Thaumasite 658, 990, 1,076 417,453, 479

Ettringite 988, 1,088 449, 548, 617

Calcite 1,086 713, 285

Gypsum 1,009 417, 496, 621, 673, 1,137

Figure 10 shows the Raman spectra for the deteriorated
samples (PC, CRHAS and CRHAZ20). The characteristic
peaks were identified via the comparison with previously
published data (Table 6) [4,23]. The intensive peaks at 658,
990 and 1,076 cm~! were due to silicate, sulfate and carbon-
ate groups, respectively. In addition, the peaks at 417 and
496 cm™! that were assigned to gypsum vibration are found
in Fig. 10, which reconfirmed the presence of thaumasite, et-
tringite, gypsum and calcite in all specimens. Moreover, the
samples in order of peak intensity from high to low are PC,
CRHAS and CRHA20. The Raman spectra results further re-
confirmed the results mentioned in FTIR results as discussed
above.

4 Discussion

All experimental results obtained from this study confirm
that the incorporation of RHA exhibited superior resistance
to TSA. The results of mechanical properties indicated that
samples contained RHA presented relatively high values
compared with PC specimens. This improvement accompa-
nied with low expansion and mass loss values of mortars.
In addition, microstructure analysis showed that there was a
significant reduction of sulfate products for specimens con-
tained RHA when compared to PC specimen. This fact can
be attributed to the physical and chemical effects of RHA.

Specifically, the incorporation of RHA could fill in the
pore space within the mortar leading to a more compact struc-
ture. This may imply, to a degree, the low permeability of
RHA specimens. In other words, the lower permeability of
RHA samples makes the ingress of sulfate ion from solution
more difficult. Investigations had revealed that the perme-
ability of structure is closely related to sulfate attack [24,25].
From the results of macroscopic properties, it was evident
that the degradation of PC specimen was more obviously
than that of RHA specimens.

In addition to the permeability, the reduction in soluble
calcium hydroxide due to the pozzolanic reaction is also
beneficial in reducing the quantity of gypsum and ettringite
(caused by sulfate attack). Besides, RHA can react with cal-
cium hydroxide to form secondary C—S—H; this kind of hy-
dration product of pozzolanic reaction would increase pack-
ing density of concrete and mortar structure through pore-size
refinement [26]. Secondary C—S—H has a low CaO/SiO; ra-
tio, and the structural is different from the C—S—H of cement
paste. It contains relatively less Ca in its structure, and thus,
RHA specimens expected to be more durable than PC spec-
imen in a sulfate condition [27]. It should be noted that the
incorporation of RHA could effectively improve the cement-
aggregate bond at interfaces in the internal structure of mortar
and concrete [28].

Moreover, the replacement of Portland cement by RHA
led to the dilution of tricalcium aluminate. The formation
mechanism for thaumasite is the direct reactions among C—
S—H and appropriate portion of carbonate, sulfate, Ca®* ions
and excess water, which would lead to the disintegration of
C-S-H and the formation of no-strength-bearing substance
thaumasite. Meanwhile, the thaumasite formation would be
accelerated due to an appropriate amount of aluminum-
bearing phase [29,30]. Therefore, the degree of deterioration
was retarded when cement was partially replaced by RHA.

The deterioration degree of the specimens was affected
not only by the content of RHA, but also by the fineness of
RHA. This is because the RHA with higher surface areas and
finer particle size could more effectively fill in the pore space
within the mortar; moreover, the silica of FRHA could be
dissolved relative easily and react with portlandite to form
more C—S—H which would finally lead to a more compact
structure with higher density [31].

5 Conclusions

The results in this study confirmed a strong effect of RHA on
the degree of deterioration of cement-based material.
Through microcosmic and macroscopic tests, the deterio-
ration was serious in the PC specimens with 94.5% CLS
and massive sulfate-bearing substances, while it was rela-
tively slight in RHA-blended specimens. The degree of de-
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terioration of RHA-blended specimens was inhibited with
an increase in the content of RHA. For example, the CLS
of FRHAS specimen was 61.0 %, while the CLS of sam-
ple containing 20% of FRHA was 13.5%. In addition to
the RHA content, the fineness of RHA has a remarkable ef-
fect on the TSA resistance of mortar specimens. Specimens
with FRHA showed higher TSA resistance than mortars con-
tained CRHA. No obvious degeneration was presented in the
mortars contained 20 % FRHA after 12 months immersion in
MgSO, solution at 5 °C.
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