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Calcined clay’s effect on the performance
and mechanism of natural hydraulic lime
grouting material

Check for updates

Chenhui Liu1, Haitao Yan1,2 , Yanhong Li1,2, Hongbin Zhang2 & Yaxin Zhu1

The physical and mechanical properties of grouting material are critical indicators to assess its
compatibility to earthen sites as a fissure repairmaterial. This study activated the clay fromHuangshan
Archaeological Site by calcination to explore how calcined clay enhances the age performance of
grouting material with various temperature and blending ratio. The results revealed calcined clay’s
effect of improving water retention and density of the slurry, reducing shrinkage and colour difference.
The mechanical strength increased first and then decreased with rising calcination temperature, as
clay’s mineral activity was altered by phase transformation. At the microstructural level, stable
minerals such as quartz and calcite provided a framework, while hydration products such as calcium
silicate hydrate (CSH) and tetracalcium aluminate hydrate (C4AH13) interwove to form a denser pore
structure. This modified grouting material with calcined clay demonstrates feasibility for earthen site
restoration.

The central province of China, He’nan, contains various earthen archae-
ological sites with cultural significance in history, aesthetics and technology.
These sites, including buildings and burials, were constructed from Neo-
lithicAge for the purpose of production, life and defence1. Affected bymany
unfavourable factors such as composition materials2, archaeological exca-
vations and the occurrence environment3, there are various types of fissures
on the earthen sites. The developing fissure was leading to serious damage
such as structural deformation, destabilisation or collapse4,5. Fissure grout-
ing has become one of the most common and effective techniques for
repairing fissures in earthen sites. The injected material sets and hardens
into a grout concretion, which fills internal cavities and bonds loose soil,
thereby helping to suppress further fissure development6–9. The appropriate
selection of groutingmaterials is key to ensuring both compatibilitywith the
surrounding substrate and long-term durability. Therefore, studying the
selectionoffissure groutingmaterials is essential for slowing thedegradation
process of earthen10–12 sites and extending their preservation time.

In recent years, site soil and natural hydraulic lime (NHL)were used as
base and improvingmaterials correspondingly to enhance the properties of
groutingmaterial by changing the admixture dosage orbinder13,14. Li15, Sun16

and Kalagri17 found that NHL, when used as a fissure grouting material,
offered advantages such as moderate strength, absence of soluble salts and
good compatibility with the surrounding archaeological site soil. It per-
formed well in improving the mechanical strength and durability of mod-
ified silty soils18–20. However, Song et al.21 confirmed several drawbacks of

NHL when applied to earthen site conservation, including low early-age
strength, high shrinkage and noticeable colour differences22,23, which limit
its practical application. Based on conservation experience, Forster et al.24

concluded that both the grade and dosage of NHL influence its durability
under site conditions. Currently, researchers mainly attempt to overcome
these limitations by incorporating activematerials into the lime-basedmix25.
Wang26 and Luo27 studied the influence of nano-SiO2 on the early physical
properties and microstructure of NHL. Although nano-silicon dioxide was
found to increase the quantity of hydration products and improve grout
strength, its complex preparation process and unclear long-term durability
have hindered widespread application. Zhang et al.28 demonstrated that the
addition of slag powder and silica fume can effectively improve the
microstructure of NHL grout. However, due to their fine particle size and
large specific surface area, these materials exhibited poor dispersion, strong
autogenous shrinkage and a grey-black appearance, making them unsui-
table for the repair of earthen archaeological sites. As a result, the search for
active materials compatible with the substrate tomodify or partially replace
NHL has become a shared focus in current research.

Calcined clay is a commonly used active material29,30. It is inexpensive,
readily available and derived from natural clay containing clay minerals
such as kaolinite, montmorillonite and illite, as well as non-clay minerals
including quartz and feldspar. Each type of clay mineral has a different
optimal decomposition temperature, resulting in varied levels of pozzolanic
activity following calcination31. Zhong et al.32 conducted thermal activation

1He’nan Provincial Institute of Cultural Heritage and Archaeology, Zhengzhou, China. 2Department of cultural heritage and museology, Fudan University,
Shanghai, China. e-mail: yanhaitaopku@163.com

npj Heritage Science |          (2025) 13:580 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s40494-025-02125-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s40494-025-02125-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s40494-025-02125-8&domain=pdf
mailto:yanhaitaopku@163.com
www.nature.com/npjheritagesci


experiments on natural clay under different temperatures and holding
times. They found that calcination at 700°C for 3 hours produced the
highest reactivity, allowing partial replacement of cement and resulting in
approximately an 11% increase in the strength of blended mortar. Habert
et al.33 reported that the optimal decomposition temperatures for kaolinite,
montmorillonite and illite were 700°C, 800°C and 850°C respectively, and
that calcination temperature affected the effectiveness of these materials as
cement substitutes.Wei et al.34 examined themineralogical compositionand
mechanical properties of blended cement mortars incorporating clays cal-
cined at temperatures ranging from 600°C to 1100°C. They observed that
pozzolanic activity initially increased and then declined as the calcination
temperature rose. These findings suggest that calcined clay can enhance the
activity of pozzolanic reaction of cement-based materials35, although its
potential to improve or partially replace NHL remains underexplored.

In this study, natural clay collected from the cultural layer of Yangshao
at theHuangshanArchaeological Sitewas used as rawmaterial. The claywas
thermally activated at various calcination temperatures and subsequently
ground before being blended with NHL to prepare fissure grouting mate-
rials. A control group consisting of NHL slurry without the addition of
calcined clay was also prepared. The compatibility and applicability of the
blended materials were evaluated by measuring their mass loss rate, linear
shrinkage rate, P-wave velocity, age-related strength and visual appearance.

Furthermore, representative specimens were analysed using microscopic
testing methods such as X-ray diffraction (XRD) and scanning electron
microscopy (SEM) to investigate their mineralogical composition and
microstructure. The study primarily examined the effects of calcination
temperature and blending ratio of the calcined clay on the age performance
of the grout concretion, with the aim of assessing the feasibility of partially
replacing NHL with calcined clay and promoting its application in the
fissure grouting repair of earthen archaeological remains.

Methods
Test material
The Huangshan Archaeological Site is located in Nanyang, Henan, China.
Archaeological investigations have revealed large-scale architectural
remains constructed from sintering soil with an orderly and layered spatial
layout36. Existing studies have shown that the floors and walls of these
structures were built and coated using natural clay, which was shaped and
then fired under specific thermal conditions. The lower temperature
threshold for this process was between 500°C and 600°C, while the upper
limit ranged from 950°C to 1050°C37,38, as illustrated in Figs. 1 and 2.

Natural hydraulic lime. The natural hydraulic lime used in this study
was sourced from Shanghai Desaibao Building Materials Co., Ltd. Its
mineralogical composition primarily consisted of the hydraulically reactive
dicalcium silicate (2CaO·SiO2, abbreviated as C2S), the air-hardening
compound calciumhydroxide (Ca(OH) 2, abbreviated as CH), and partially
calcined calcium carbonate (CaCO3)

39,40.
Calcined clay. Calcined clay was prepared using rawmaterial collected

from the middle-to-late Yangshao cultural layer at the Huangshan
Archaeological Site. The soil appeared greyish brown in colour. Its basic
physical properties are shown in Table 1 and the oxide composition is listed
in Table 2. According to the Chinese national standard – the Standard for
Geotechnical Testing Method (GB/T 50123-2019), the tested soil was iden-
tified as low-plasticity clay. The soil was crushed using a soil pulveriser and
then sieved to below 2mm using a vibrating sieve for subsequent use.
Informed by the firing temperatures of sintering soil remains at the site and
byGrader et al.’s study31 on the optimal calcination conditions for activating
natural clay, the samples were fired in an SGMM15-14Y muffle furnace at
500°C, 700°C and 900°C for 2 hours, then allowed to cool naturally. The
calcined samples were subsequently ground for 3 hours using a ball mill to
obtain clays treated at different calcination temperatures (Fig. 3). The par-
ticle size distribution curves, mineralogical compositions and specific sur-
face areas of the natural and calcined clays are presented in Figs. 4, 5 and 6
respectively.

The main mineralogical components of the natural clay included
quartz, kaolinite and albite (Fig. 5). After calcination at 500°C, the mineral
phases remained largely consistent with those of the rawmaterial, although
the intensity of the diffraction peaks associated with kaolinite was sig-
nificantly reduced. This indicated that a portion of the kaolinite had
transformed into amorphous metakaolin41. Following calcination at 700°C
and 900°C, the diffraction peaks of kaolinite disappeared entirely. At this
stage, the dominant mineral phases in samples T700 and T900 consisted of
quartz, albite, aphthitalite and metakaolin. As the calcination temperature
increased, the specific surface area of the calcined clay exhibited a general
upward trend (Fig. 6). Compared to the untreated sample, specific surface
area increased by 229.5%, 684.3% and 735.9% at 500°C, 700°C and 900°C
respectively. In general, powder materials with larger specific surface areas
tend to exhibit better dispersion when added to other matrices, thereby

Fig. 1 | Sintering soil architectural remains at middle and late Yangshao
archaeological site.

Fig. 2 | Wall remains of sintering soil architecture.

Table 1 | The physical properties of natural clay

Materials Natural
moisture
content

Natural
density

Dry density Porosity Consistency index Gradation characteristics

Liquid
limit

Plastic
limit

Plasticity
index Ip

Coefficient of non-
uniformity Cu

Coefficient of
curvature Cc

% g·cm-3 g·cm-3 % % %

Natural clay 8.56 1.80 1.66 26.5 19.2 8.22 10.98 6.42 0.86
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enhancing their reinforcing effect. However, at 900°C, a dense vitreous
phase formed on the surface of the clay particles34, which hindered water
penetration and consequently reduced the reactivity of the calcined clay.

Specimen preparation
To identify fissure grouting materials with good compatibility and applic-
ability, 12 mix proportions were prepared using calcined clay at three tem-
peratures (500°C, 700°C and 900°C) and four replacement ratios (5%, 10%,
20% and 30%). For example, T500-20% denotes a mixture comprising cal-
cined clay fired at 500°C, added at 20% bymass and blended with 80%NHL.
A control group using pure NHL without calcined clay was numbered
as NHL2.

According to themixpromotions, the required amounts of calcined
clayandNHLwereweighedusingabalanceanddry-mixed inacontainer
for 1 minute until homogeneous. Deionised water was then added at a
water-cement ratio of 0.5. The grout was mixed using a JJ-5 cement
mortar mixer at a speed of 450 r/min for 4 minutes until uniform. The
initialfluidityof thegroutwasmeasuredusing theflowtablemethod,and
all samples showed a spread greater than 220 mm. The slurry was
immediately poured into three-gang moulds (40 mm × 40 mm ×
160 mm),filled in two layers. Each layerwas compactedusingavibration
table operatingat 50 Hzwith a2 mmamplitude for 30 seconds to remove
internal air bubbles. Excess slurry was levelled from the surface. The
moulded specimenswere thenplaced in a curing chamber in a controlled
environment (25 ± 2°C, RH ≥ 90%). After 2 days of static curing, the
hardened grout concretionswere demoulded and returned to the curing
chamber. Samples were tested at curing ages of 7, 14 and 28 days for
physical property testing and microstructural analysis.

Physical property testing
For each mix design, the physical and mechanical properties of the grout
concretionwere tested at curing ages of 7, 14 and 28 days. Twelve specimens
were prepared per mix. Three specimens were selected for repeated mea-
surements at each curing age to determine the mass loss rate, linear
shrinkage rate, P-wave velocity and colour difference. The remaining nine

Fig. 4 | Particle size analysis of site soil and calcined clay.

Fig. 5 | Natural clay and calcined clay XRD patterns.

Fig. 6 | Natural clay and calcined clay specific surface area.

Fig. 3 | Site soil and clay with different calcination temperatures.

Table 2 | Oxide composition of natural clay

Oxide SiO2 Al2O3 Fe2O3 K2O MgO CaO Na2O Otehr

Content 64.0 19.3 6.9 3.0 3.0 1.5 0.7 1.6
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specimens were used for testing compressive and flexural strength. The
average value of three specimens taken as the final result.

Mass loss rate: The initial mass of the specimen at preparation was
recorded as m0. The mass at subsequent intervals was recorded as mx, with
measurements taken every two days. The mass loss rate during curing was
calculated using Eq. (1), which reflects the rate of moisture loss.

Linear shrinkage rate: The initial length l0 of the specimenwas taken as
160mm (the internal length of the mould). The specimen length lx was
measured every two days and the linear shrinkage rate was calculated using
Eq. (2), which indicates the shrinkage behaviour of the grout concretion.

P-wave velocity: The P-wave velocity was measured using a ZBL-550
ultrasonic tester in accordance with the Standard for Test Method of Basic
Properties of Construction Mortar (JGJ/T 70—2009). This parameter was
used to evaluate the compactness and continuity of the specimens.

Mechanical properties: Compressive and flexural strengths at different
curing ages were tested using a WDW-300 universal testing machine, fol-
lowing the procedures outlined in the Test Method of Cement Mortar
Strength (ISO Method) (GB/T 17671—2021).

Colour difference analysis: The surface chromatic parameters of the
specimens weremeasured using a CR-400 colourimeter in accordance with
the Uniform Colour Space and Colour Difference Formula (GB/T
7921–2008).

ωm ¼ m0 �mx

m0
× 100% ð1Þ

ωl ¼
l0 � lx
l0

× 100% ð2Þ

Mineralogical and morphological analysis
The properties of inorganic cementitious materials such as NHL largely
depend on the mineralogical composition and pore structure developed
during the hardening process. By analysing the formation of hydration and
carbonation products within the grout concretion and observing the
changes inmicrostructure, this study aimed to elucidate themechanisms by
which calcined clay improves the performance of NHL slurry.

XRD: Representative grout specimens were selected for analysis.
Residual fragments from the mechanical strength tests were crushed into
powder and passed through a sieve. X-ray diffraction analysis was per-
formed using a German-manufactured Bruker S2 Range diffractometer.
The testing parameters were as follows: Cu target K radiation with a
wavelength of 1.5418Å, tube voltage of 40 kV, current of 40mA, scanning
range from 10° to 60°, and a step size of 0.02mm.

SEM-EDS: Representative grout specimens were selected and the
fracture surfaceswere examinedusing anFEIQUANTA650environmental
SEM equipped with an EDAXAPOLLO-X EDS system. The measurement
was conducted in high vacuum mode at an accelerating voltage of 25 kV,
with both secondary electron and backscattered electron imaging. The EDS
scan time was 30 seconds and the working distance was set to 10mm.

Results
Mass loss rate
Figure 7 illustrates the variation inmass loss rate over the 28-day curing
period for grout concretionmade from calcined clay–NHL slurry under
different calcination temperaturesandreplacement ratios.Themass loss
rate of grout concretion specimens followed a similar trend across all
groups. It increased linearly at first, then gradually slowed, and even-
tually stabilised. The most significant increase in mass loss occurred
within the first 16 days of curing. At 8, 12 and 16 days, under the same
replacement ratio, the mass loss rate followed the order
T500 > T900 > T700. The T700-30% group exhibited the lowest mass
loss rate, indicating the least moisture evaporation and the best water
retention, with reductions of approximately 57.4% at 8 d and 35.3% at
16 d compared to the control group (NHL2). At 28 days, the mass loss
ratesof theT500,T700andT900specimens rangedbetween20.4–24.1%,
15.5–21.8% and 16.5–21.4% respectively. Under the same calcination
temperature, increasing the replacement ratio of calcined clay led to a
gradual reduction in the mass loss rate. For example, at 700°C, the mass
loss rate of the T700-30% group was 15.5%, representing reductions of
approximately28.9%,16.4%and7.1%compared to the5%,10%and20%
groups respectively, and a decrease of 32.7% compared to the control
group. Previous studies have shown that the early stage of NHL hard-
ening is dominated by hydration reactions, which proceed relatively
quickly. Rapid moisture loss is detrimental to both the continuation of
hydration and the development of carbonation. Increasing the propor-
tion of calcined clay can significantly reduce and slow down moisture
loss, thereby enhancing the water-retention capacity of the slurry and
helping to maintain a stable internal moisture environment within the
hardened grout concretion.

Linear shrinkage rate
The dehydration and solidification process of the slurry is accompanied by
internal autogenous shrinkage, carbonation shrinkage and drying shrink-
age. During the early stage of curing,more than 67.3% of the total shrinkage
observed at 28 days occurred before demoulding, within the first 2 days.
Figure 8 presents the variation in linear shrinkage rate of the grout con-
cretion specimens at 28 days of curing.

At 28 days of curing, the linear shrinkage rates of the T500, T700 and
T900 grout concretion specimens ranged from 2.4% to 2.8%, 1.4% to 1.7%
and 1.1% to 1.4% respectively. The lowest shrinkage was recorded in the
specimens calcined at 900°C. In comparison, the control group (NHL2)
exhibited a shrinkage rate of 2.0%. At the same calcination temperature, the
linear shrinkage rate decreased progressively with increasing calcined clay
content. When the replacement ratio increased from 5% to 30%, the
shrinkage rate of T500, T700 and T900 decreased by approximately 25.7%,
32.8% and 29.8% respectively. These findings indicate that the addition of
calcined clay helps to reduce the shrinkage of grout concretions. The effect is
inversely related to both the calcination temperature and the replacement
ratio. A lower shrinkage rate during the hardening process is beneficial for
effective fissure filling and for minimising surface shrinkage cracking. This

Fig. 7 | Effects of calcination temperature and replacement ratio of calcined clay on the mass loss rate. a T500, b T700, c T900.
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in turn prevents rainwater ingress and helps maintain the continuity of the
slurry–soil interface, thereby improving the overall integrity between the
new grout and the existing earthen substrate.

P-wave velocity
Figure 9 shows the variation in P-wave velocity of grout concretion speci-
mens at 28 days of curing, with respect to calcined clay temperature and
replacement ratio.Under the same replacement ratio, the P-wave velocity of
grout concretion specimens increased progressively with rising calcination
temperature. The velocity ranges for T500, T700 and T900 specimens were
1.42–1.58 km/s, 1.54–1.70 km/s and 1.58–1.78 km/s respectively, all of
which were higher than that of the control group (NHL2), which recorded
1.30 km/s. Taking a replacement ratio of 30% as an example, when the
calcination temperature was raised from 500°C to 700°C and 900°C, the
P-wave velocity increased by approximately 7.6% and 13.9% respectively,
representing an overall improvement of about 20.6% compared to speci-
mens without calcined clay. At any given calcination temperature, the
P-wave velocity increased with higher replacement ratios of calcined clay,
following a consistent trend. These results indicate that increasing both the
calcination temperature and the replacement ratio of calcined clay leads to
enhanced P-wave velocity in the grout concretion. However, the extent of
improvement varied depending on the specific temperature and dosage.
Higher P-wave velocity values reflect greater internal compactness and
continuity, which are favourable for enhancing the physical andmechanical
performance of the specimens.

Compressive strength
The relationship between compressive strength and curing age for grout
concretions prepared with different calcination temperatures and replace-
ment ratios is shown in Fig. 10. The compressive strength increased rapidly
with curing time, with over 75% of the 28-day strength achieved within the
first 14 days. This indicates that the hardening process progressed quickly
during the early curing stage, highlighting the importance of maintaining
internal moisture stability during this period. With increasing calcination
temperature, the age-related compressive strength showed an overall trend
of first increasing and then decreasing, following the order
T700 > T900 > T500 >NHL2. For instance, at a 20% replacement ratio, the
28-day compressive strength of the T700 specimen reached 2.97MPa,
which was approximately 22.2% and 3.1% higher than that of the T500 and
T900 specimens respectively. At all calcination temperatures, the com-
pressive strength increased with higher calcined clay content, although the
degree of increase varied. For specimens calcined at 700°C, increasing the
replacement ratio from 5% to 10%, 20% and 30% resulted in strength

Fig. 9 | Effects of calcination temperature and dosage of natural clay on the P-wave
velocity at 28 d.

Fig. 8 | Effects of calcination temperature and replacement ratio of calcined clay on
the linear shrinkage rate of grout concretion at 28 days.

Fig. 10 | Effects of calcination temperature and replacement ratio of calcined clay on the compressive strength of grout concretion with curing age.
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improvements of 10.0%, 40.8% and 92.4% respectively. In comparison, the
strength increments from 5% to 30% for T500 and T900 were relatively
smaller, at 56.5%and41.9%respectively. This behaviour canbe attributed to
the influence of calcination temperature on the pozzolanic reactivity of the
calcined clay. At 700°C, the reactivity of the clay improved, promoting the
hydration process and increasing the formation of hydration products.
Moreover, the addition of calcined clay reduced the shrinkage of the spe-
cimens, helping to suppress the formation of fissures and defects, thereby
enhancing mechanical performance. In contrast, calcination at 900°C
inhibited hydration reactions and reduced the amount of hydration pro-
ducts, resulting in a decline in compressive strength.

Flexural strength
The influence of calcination temperature and replacement ratio on the age-
related flexural strength of grout concretion is shown in Fig. 11. The var-
iation in flexural strength followed a trend similar to that of compressive
strength. As the calcination temperature increased, the flexural strength
initially increased and then decreased, following the order
T700 > T500 > T900 >NHL2. Among all groups, the T700-30% specimens
exhibited the highest flexural strength. At any given calcination tempera-
ture, the flexural strength increased with higher replacement ratios of cal-
cined clay. For example, at a calcination temperature of 700°C, when the
replacement ratio increased from 5% to 30%, the 28-day flexural strength
reached a maximum of 1.09MPa, with an increase of 22.4%. For T500 and
T900, the corresponding increases were 10.6% and 19.9% respectively. A
comparative analysis of compressive and flexural strengths revealed that,
while both improved with higher calcination temperature and replacement
ratio, the increase in flexural strength was significantly smaller than that in
compressive strength. This suggests that the brittleness of the specimens

increased, increasing the risk of abrupt brittle failure under mechanical
stress42. In line with the principle of mechanical compatibility between the
grout concretion and the archaeological substrate, the addition of calcined
clay at appropriate calcination temperatures and replacement ratios can
effectively improve the strength compatibility between the two.

Colour difference analysis
In addition to meeting mechanical compatibility requirements, the applic-
ability of fissure grouting materials must also be considered. Specifically,
they should achieve visual consistency at a distance while remaining dis-
tinguishable at close range and exhibit a chromaticity that harmonises with
the original archaeological substrate. The CIE L*a*b* colour model com-
prises three parameters: L* for lightness, a* for the red–green component
and b* for the yellow–blue component. For each grout concretion specimen
withdifferentmixproportions, theL*,a* and b* valuesweremeasured.The
colour difference (ΔE) between the specimens and the sintering soil wall
remains (L* = 65.81, a* = 8.54, b* = 23.61)was then calculated according to
the CIE L*a*b* colour space method using Eq. (3)43.

ΔE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ΔL�ð Þ2 þ Δa�ð Þ2 þ Δb�ð Þ2
q

ð3Þ

where ΔL*, Δa* and Δb* represent the differences in lightness, red–green
component and yellow–blue component respectively between the grout
concretion and the sintering soil wall remains. Table 3 presents the chro-
matic values and colour differences of the grout concretion specimens.

At any given calcination temperature, an increase in the replacement
ratio of calcined clay led to a decrease in L* value, indicating reduced
lightness. Meanwhile, both the a* and b* values increased, suggesting

Table 3 | Chromaticity values and colour differences of grout concretion specimens.

Sample
T500 T700 T900

L* a* b* △E Colour L* a* b* △E Colour L* a* b* △E Colour

5% 75.47 2.16 10.51 17.5 74.84 2.81 12.25 15.6 75.72 3.42 14.54 14.4

10% 73.13 2.27 11.56 15.4 74.73 4.08 14.64 13.4 73.59 5.45 17.75 10.2

20% 67.23 5.84 18.61 5.9 72.75 6.25 15.54 11.5 72.40 7.20 18.45 8.5

30% 64.15 7.96 22.72 2.0 68.20 8.65 23.49 2.4 68.27 8.15 20.98 3.6

74.84 2.81 12.25 15.6 75.72 3.42 14.54 14.4

74.73 4.08 14.64 13.4 73.59 5.45 17.75 10.2

72.75 6.25 15.54 11.5 72.40 7.20 18.45 8.5

68.20 8.65 23.49 2.4 68.27 8.15 20.98 3.6

Fig. 11 | Effects of calcination temperature and replacement ratio of calcined clay on the flexural strength of grout concretion with curing age.
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enhanced red saturation and a shift towards a yellow hue. As a result, the
overall colour of the grout concretion became increasingly similar to that of
the architectural remains made of sintering soil. With rising calcination
temperature, the a* value gradually increased, indicating a strengthening of
the red tone in the specimens. Among all groups, the a* value of the spe-
cimens calcined at 700°Cwas the closest to that of the original archaeological
sites soil.

Comprehensive evaluation of the colour difference indicated that ΔE
decreased progressively with increasing replacement ratio of calcined clay.
According to human visual sensitivity to colour differences44, when the
replacement ratio reached 30%, the ΔE value ranged from 2.0 to 3.6, cor-
responding to a level of difference that was either perceptible or distin-
guishable. Based on field conservation experience, it is generally accepted
that the closer the appearance of the grout concretion is to the original
material in colour, the less post-repair colour blending is required. Ideally,
the material should be recognisable yet visually coherent with the heritage
structure. In contrast, the control group (NHL2) exhibited a grey appear-
ance (L* = 78.98, a* = 1.04, b* = 7.95), showing a much greater colour
discrepancy compared to the sintering soil architectural remains. Taking
into account both colour difference and on-site performance, theT700-30%
group was considered most suitable for the fissure grouting repair of sin-
tering soil architectural remains at the Huangshan Archaeological Site.

Mineralogical composition
During the hydration and hardening process of NHL, the hydraulic phase
dicalcium silicate (C2S) reacts with water to form calcium silicate hydrate
(CaO·SiO2·H2O, abbreviated as CSH) and calcium hydroxide (CH). Con-
currently, both CSH and CH undergo carbonation reactions. Due to the
weak crystallinity of CSH, its diffraction intensity is relatively low. There-
fore,CHandcalciumcarbonate (CaCO3)wereused as representative phases
to investigate the effects of calcination temperature and replacement ratio
on the hardening process of NHL. Figure 12 shows the XRD patterns of the
28-day grout concretion specimens prepared from NHL slurry modified
with calcined clay.

As shown in Fig. 12a and b, compared with the control group (NHL2),
the addition of calcined clay led to a significant increase in the diffraction
peak intensity of quartz in the grout concretion. CaCO3 and CH remained
themainmineralogical phases, though their diffraction intensities exhibited
varying changes. With increasing calcination temperature, the diffraction
peak intensity of CH first decreased and then increased. When the calci-
nation temperature rose from 500°C to 700°C, the consumption of CH
increased, although thediffraction intensity ofCaCO3 showedno significant
change. At 900°C, the CH consumption was reduced and the diffraction
intensity of CaCO3 decreased. According to previous studies by Zhong32,

Wei45 and other researchers on the thermal activation of natural clay,
kaolinite within the raw material undergoes a dehydroxylation reaction
between 514.6°C and 600°C to form semi-crystalline metakaolin46. When
blended into NHL, this metakaolin exhibits high reactivity. Furthermore,
the increased specific surface area of the clay particles improves their dis-
persion. The highly active quartz and aluminium oxide within the calcined
clay react pozzolanically with Ca2+ and OH- ions released from CH in the
presence of water, forming hydration products such as calcium silicate
hydrate (CSH) and tetracalcium aluminate hydrate (C4AH13). The corre-
sponding hydration and hardening processes are illustrated in Eqs. (4) to
(6), with enhanced reinforcement effects. Since the carbonation of CH by
CO2 is relatively slow, the change in calcite diffraction peak intensity
remained limited. When the calcination temperature increased to 850-
900°C,firingof kaolinite occurred.Although the specific surface area further
increased, a dense vitreous layer formed on the surface of the clay particles,
preventing water penetration. At the same time, the metakaolin decom-
posed into amorphous silicon dioxide (SiO2) and aluminiumoxide (Al2O3),
resulting in a gradual decline in the reactivity of the calcined clay. This led to
reduced formation of hydration and carbonation products, which was
unfavourable for improving the mechanical performance of the grout
concretion.

Al2O3 � 2SiO2 þ 3CaðOHÞ2 þ 6H2O ! 2Cao � Al2O3 � SiO2 � 8H2Oþ CaO� SiO2 �H2O

ð4Þ

Al2O3 � 2SiO2 þ 6CaðOHÞ2 þ 9H2O ! 4CaO � Al2O3 � 13H2Oþ 2CaO� SiO2 �H2O ð5Þ

CaðOHÞ2 þ CO2 ! CaCO3 þH2O ð6Þ
At different calcination temperatures, the mineralogical composition

of the grout concretion exhibited similar trendswith increasing replacement
ratios of calcined clay. As shown inFig. 12b, taking 700°C as an example, the
diffraction peak intensity of CH gradually decreased with higher calcined
clay content, while the intensity of unreacted quartz increased significantly.
This unreacted quartz influences the internal pore structure of the grout
concretion, thereby affecting its mechanical performance.

Microstructural characterisation
SEM was used to observe the influence of calcination temperature and
replacement ratio of natural clayon themicrostructure andpore structureof
NHL slurry. The results are presented in Fig. 13. The panels (a) to (d),
combined with EDS results for Ca/Si atomic ratio determination, showed
that crystalline hydration products such as CSH and C4AH13 were present
in specimens without calcined clay. However, the structure was relatively

Fig. 12 | XRD patterns of grout concretion specimens at 28 days. a Different calcination temperatures and control group, b Different replacement ratio.
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loose and containednumerous pores. After the addition of calcined clay, the
microstructure of the grout concretion became more compact. Stable
minerals such as quartz and calcite acted as a skeletal framework within the
matrix. Plate-likeCHandgranularCaCO3were deposited on the surfacesof
clay particles andwithin the pore spaces, while fibrous CSH and needle-like
C4AH13 connected the clay particles to form a stable microstructure,
improving the overall physical performance of thematerial.With increasing
calcination temperature of the natural clay, the amount of needle-like
hydration products increased and the interwoven particles filled the pore
spaces more effectively. However, when the calcination temperature
reached 900°C, the amount of hydration products decreased noticeably,
while theCHcontent increased rather than declined. This indicated that the
hydration process was inhibited, and the carbonation process remained
slow, offering limited benefit to themechanical strength.As shown inpanels
(e) to (g) in Fig. 13, when the calcination temperature was 700°C and the
replacement ratio was 5%, the CSH and CaCO3 products were relatively
dispersed. With higher replacement ratios, the relative content of CH
decreased significantly, and hydration products such as CSH and C4AH13

formedadensernetwork structure.Thequantity of unreactedminerals such
as quartz and calcite also increased, gradually filling the pores. As a result,
both the number and size of pores decreased, leading to a denser internal
structure and reduced shrinkage in the slurry. Based on these findings, it is
concluded that increasing the replacement ratio of calcined clay can effec-
tively reshape the internal pore structure of the grout concretion.

Discussion
The incorporation of calcined clay was found to improve the compatibility,
age properties andmicrostructure of NHL. The extent of improvement was
influenced by both the calcination temperature and the replacement ratio.
As the calcination temperature and replacement ratio increased, the mass
loss rate and linear shrinkage rate of the grout concretiondecreased,while its
compactness improved. However, both compressive and flexural strengths
increased initially and then declined with rising calcination temperature.
Compared with NHL slurry without calcined clay, the T700-30% mixture
demonstrated better water retention, lower shrinkage and greater com-
pactness. It also fulfilled the mechanical and colour compatibility require-
ments for the repair of sintering soil heritage sites. At the microstructural
level, stable minerals such as quartz and calcite provided a supporting fra-
mework, while hydration products such as CSH and C4AH13 formed a
denser cementitious microstructure. As the replacement ratio of calcined
clay increased, the content of stable minerals and hydration products also
increased, contributing to a further reduction in pore number and size.

Compared with existing research, the calcination temperature is a
key factor affecting the pozzolanic reactivity of natural clay. When the
calcination temperature reached700°C, the specific surface area of the clay
particles increased significantly and thedehydroxylation of kaolinite led to
the formation of highly active metakaolin. This resulted in a substantial
increase in the content of hydration and carbonation products within the
grout concretion. However, further increasing the temperature to 900°C
led to firing of kaolinite, decomposition of metakaolin and illite, and a
reduction in specific surface area. These effects reduced the reactivity of
the calcined clay, inhibited the formation of hydration products and
ultimately caused a decline in mechanical performance. Therefore, for
fissure repair of different types of archaeological substrates, adjusting the
calcination temperature and replacement ratio of natural clay can help to
meet specific requirements for mechanical strength and visual compat-
ibility. On-site testing is recommended to determine the most suitable
grout mix proportion for each case.

At present, researchon calcined clay-modifiedNHLgroutingmaterials
remains largely qualitative. Further comprehensive and quantitative studies
are required to clarify the underlying reinforcement mechanisms. In addi-
tion, it is necessary to investigate the deterioration patterns and degradation
mechanisms between the grout and archaeological soil under various
adverse environmental conditions to support the selection of the most
durable and compatible grouting formulations for site application.

Data availability
No datasets were generated or analysed during the current study.
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