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Abstract

Lianxi Academy in Zhuhai, Guangdong, is a rare surviving rammed‑earth academy ruin
representative of Lingnan architectural tradition, yet its rammed‑earth walls suffer per‑
sistent weathering under the subtropical marine monsoon climate, with no site‑specific
material baseline available. This study aims to characterize the microstructural, miner‑
alogical and particle‑size features of wall surfaces, clarify internal compositional differen‑
tiation, and provide quantitative baseline data for earthen heritage conservation. Four sur‑
face crust specimens fromwall facades were analyzed via multiscale scanning electron mi‑
croscopy with energy‑dispersive X‑ray spectroscopy (SEM–EDS), X‑ray diffraction (XRD),
and laser diffraction granulometry. Results show all samples share an O–Si‑rich back‑
ground with notable local contrasts. Local EDS analyses record 12.93 wt% Ca in Sample 2
(accompanied by a unique intersecting rod‑shaped network), 6.92 wt% Al and 4.97 wt% K
in Sample 3, and 11.33 wt% Fe in Sample 4. Quartz dominates all XRD patterns with
strongest reflections at 26.70–26.78◦ 2θ, accompanied by features consistent with subordi‑
nate carbonate‑, aluminosilicate‑, and Fe‑bearing components. Particle‑size distributions
are highly heterogeneous: Sample 1 is the coarsest (D50 = 34.97µm; 41.69%≥ 63µm), while
Samples 3 and 4 are fine‑fraction‑dominated (D50 = 8.93 and 8.52 µm). These findings de‑
fine three distinct surface material subgroups within a universal quartz‑rich matrix, and
are consistent with a heterogeneous wetting and selective particulate detachment weather‑
ing model. This work fills the data gap for Lingnan rammed‑earth academy heritage, and
the quantitative parameters serve as preliminary benchmarks for wall condition mapping,
rainwater erosion regulation, and compatible repair material trial formulation.

Keywords: rammed earth; Lianxi Academy; SEM‑EDS; X‑ray diffraction; laser diffraction;
surface weathering; earthen heritage; conservation compatibility

1. Introduction
1.1. Research Background

In the context of the revival of excellent traditional Chinese culture, the protection and
inheritance of cultural heritage have become an important part of the national cultural de‑
velopment strategy [1,2]. The rediscovery and appreciation of traditional academies, the
core carriers of ancient Chinese education and cultural dissemination [3,4], have revealed
their historical value and cultural connotation. Traditional academies are not only the
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material embodiment of the ancient education system but also an important medium for
the integration of regional cultures and the inheritance of national spirit. They carry the
national sentiment of “carrying theWay with literature” and the humanistic spirit of “edu‑
cating people with virtue” [5] and play an irreplaceable role in the construction of contem‑
porary cultural confidence and the development of moral education. However, with the
continuous acceleration of urbanization in my country, modern industrial development
and urban renewal have caused serious impacts on traditional historical relics. A large
number of traditional academies with historical and cultural value are facing the dilemma
of damage to the building’s body, destruction of spatial texture, weakening of memory
connotation, and even extinction [6]. Statistics show that of the more than 7000 academies
that have existed in China throughout history, only over 1000 remain today, and most
of these have significant building damage and experience frequent construction destruc‑
tion [7]. We need to improve the current status of academy heritage protection.

As a type of academy dedicated to Zhou Dunyi, the founder of Neo‑Confucianism
in the Song and Ming Dynasties, Lianxi Academy (濂溪書院), with its diversified regional
forms across China, directly reflects the long‑term evolution of rammed earth construction
techniques for Lingnan academies, with historical records tracing the academy’s origin
back to the Southern Song Dynasty. It has become an important component of regional
cultural systems such as Hunan culture and Lingnan culture [8]. As an important rem‑
nant of Lianxi Academy in Lingnan, Zhuhai Lianxi Academy not only carries the spiritual
core of Zhou Dunyi’s Neo‑Confucian culture but also integrates the regional architectural
characteristics of the coastal area of Lingnan. Its rammed earth walls, as the core mate‑
rial remains of the academy’s architecture, are a direct manifestation of the adaptation of
the academy’s architectural techniques and regional materials. However, similar to most
traditional academies in China, the Zhuhai Lianxi Academy site has been affected by natu‑
ral erosion and human factors, and the original style of the academy’s main building is no
longer present. The rammed earthwalls of the academy’s remains haveweathered, peeled,
collapsed, and experienced other forms of damage, posing a severe challenge to the pro‑
tection of these material remains. In the context of the cultural revival era, researching the
material of the academy’s core architectural remains has become a crucial prerequisite for
protecting and preserving its heritage. Against this backdrop, it is particularly important
to analyze the microstructure of the only remaining rammed earth wall structure of the
Lianxi Academy in Zhuhai.

1.2. Literature Review

At present, the Chinese academic community has formed a multi‑dimensional re‑
search system for the study of traditional academies, among which the protection of
academy heritage is one of the core research directions. Scholars have explored the protec‑
tion of academies fromdifferent perspectives. Hao Bing [9] analyzed thematerial, spiritual,
and social elements of traditional academies in the Hunan and Guangdong regions from
the perspective of spatial heritage and proposed a protection strategy of material space in‑
tegration and spiritual space revitalization. Yang Luling [6] pointed out from the perspec‑
tive of urban memory that academies, as material carriers of urban cultural connotation,
need to continue their historical and cultural heritage by creating cultural tourism brands
and establishing protection mechanisms. Zhao Juqin et al. [10] proposed targeted rein‑
forcement and repair design schemes for the damaged walls and structures of academies
from the perspective of architectural repair technology, taking XinchangGushanAcademy
as an example. Deng Hongbo et al. [7] sorted out the current situation of protection and
utilization of ancient academies in my country through a nationwide survey and pointed
out that the current protection of academies has problems such as emphasizing utiliza‑
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tion over research and difficulty in achieving coordinated development of protection and
utilization. The study of academy heritage protection in the Lingnan region integrates dig‑
ital technology and regional architectural features. Cai and Jiang [11] explored innovative
application paths of digital technology in the protection of Lingnan architectural cultural
heritage based on the multi‑dimensional framework of “technology–object–function” and
constructed a digital protection system adapted to Lingnan architecture. Zhang and Dech‑
subha [12] took Foshan Academy as the research object, systematically analyzed the archi‑
tectural space art features of Lingnan Academy, and revealed the adaptability of Lingnan
Academy in terms of layout, decoration, and material selection to Lingnan climate and re‑
gional culture, providing a regional reference for the protection of the material remains of
Lingnan Academy.

However, research on Lianxi Academy in various regions has focused on cultural con‑
notation, historical evolution, and dissemination, resulting in research findings with dis‑
tinct regional characteristics. Peng Zuowei et al. [5] explored the integration path of Lianxi
Academy culture andmoral education in colleges and universities in the digital age, point‑
ing out the value of academy culture as a moral education resource. Zhao et al. [13] took
Lianxi Academy in Chenzhou City as the research object, analyzed its current dilemma in
cultural dissemination, and proposed a strategy to promote the protection and dissemina‑
tion of Lianxi Academy culture with digital technology. Yao Xianlin [14] explained the in‑
tegration connotation of Lianxi culture and Hunan culture from the perspective of Hunan
education development. Wu Yue [8] systematically examined the historical evolution of
Lianxi Academy inHechuan, Chongqing; clarified its development path; and corrected the
errors in the literature. These studies have enriched the cultural and historical research sys‑
tem of Lianxi Academy. However, most existing research results focus on Lianxi Academy
in Hunan, Guangdong, Sichuan, and Chongqing. There are currently no research results
on LianxiAcademy inZhuhai, and there has been no study on thematerials and techniques
related to the architectural remains of Lianxi Academy.

As an important branch of Lingnan architectural research, the study of traditional
Lingnan academies has formed a research system from macro space to micro decoration.
Chen and Zuo [15] analyzed the symmetrical beauty of Lingnan architecture and its cul‑
tural connotation, pointing out that Lingnan academies follow the principle of axial sym‑
metry in layout, reflecting the humanistic pragmatism of Lingnan culture. Tang [16] pro‑
posed that traditional LingnanHan Chinese vernacular architecture has threemajor adapt‑
abilities: natural, social, and humanistic. Among them, natural adaptability determines
the selection and application of building materials. Lingnan building materials need to
be adapted to the local high‑temperature and high‑humidity coastal climate. Zhang and
Dechsubha [12] further found that the Foshan academy, as a typical representative of Ling‑
nan academies, uses wood carving, brick carving, and plastering techniques in building
materials. Moreover, the material selection takes into account both aesthetics and practi‑
cality, adapting to the climate environment of Lingnan. Existing research on traditional
Lingnan academies has paid attention to the regional adaptability of materials, but it has
focused more on decorative materials and techniques. Research on the composition and
proportion of core structural materials such as rammed earth walls is still insufficient, and
systematic research results on rammed earth wall materials in Lingnan academies have
not yet been formed.

Material diagnosis of earthen heritage requires complementary measurements at sev‑
eral scales [17–21]. SEM records particle habits, aggregate contacts, and voids; EDS
maps local elemental differentiation; XRD identifies crystalline mineral assemblages; and
particle‑size analysis quantifies the granular framework. Integrated applications of these
methods have distinguished material sources [17–19], wall sectors, construction stages,
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and weathering products in historic rammed earth [17,18,22–29]. Regional studies in
Guangdong and southern China further document substantial variation in Si–Al‑rich ma‑
trices, Ca‑ or Fe‑bearing domains, microcracks, salts, and climatic exposure across earthen
wall surfaces [17,20–22]. Their combined use has distinguishedmineral assemblages, local
enrichment, particle packing, and exposure‑related deterioration in historic rammed earth
in Europe, North Africa, Guangdong, Fujian, Macau, and other Chinese sites [17,18,27–32].
The contribution here is the integrated site‑specific application of thesemethods, not a new
analytical technique.

Particle grading controls packing density, pore continuity, capillary suction, shrink‑
age potential, and the balance between a load‑bearing granular skeleton and a cohe‑
sive fine matrix in rammed earth [23–26]. Broad grading can improve packing, while
mineral activity, compaction history, and ambient humidity govern the resulting perfor‑
mance. The strength of unstabilised earth is closely coupled to suction and water con‑
tent, and sustained wetting promotes particle migration, local swelling, and surface soft‑
ening. The grading contrasts among the four Lianxi Academy samples therefore carry
direct implications for deterioration and repair. Water‑salt migration, alternating wet–dry
cycles and uneven solar irradiation are core driving factors triggering spalling, infiltra‑
tion and structural failure of rammed earthen heritage, and existing studies have clarified
the spatial distribution and differential deterioration characteristics of wall diseases from
micro and macroscopic perspectives [33–35]. Various reinforcing materials and rammed
earth reinforcement schemes have been developed to improve the mechanical stability of
earthen ruins, while relevant research also points out that restoration materials must sat‑
isfy multi‑dimensional constraints including mechanical performance, visual compatibil‑
ity and vapour permeability [33,36,37]. Most previous assessments of earthen consolida‑
tion materials rely on single physical indicators and lack unified multi‑index quantitative
evaluation systems that balance conflicting performance trade‑offs, which limits the objec‑
tive screening of heritage protection reagents [33,37]. To fill this gap, Liu et al. proposed a
PLS‑MCDM integrated evaluation framework to comprehensively quantify the moisture
regulation, mechanical, appearance and permeability performance of SAP consolidation
materials, providing a standardizedmulti‑criteria screeningmethod for rammed earth con‑
servation agents [38].

Material compatibility is equally important at the intervention stage. Historic rammed‑
earth studies demonstrate that repair performance depends on similarity in mineralogical
skeleton, particle grading, water transport, drying, stiffness, and shrinkage rather than on
maximum strength alone [28,39]. Long‑term exposure studies likewise identify architec‑
tural rain control and local shelter as primary determinants of erosion rate [19,21,40]. A
site‑specific material baseline can therefore translate laboratory characterization into zon‑
ing, trial‑mix design, and preventive conservation.

No site‑specific analytical baseline has previously been established for the Lianxi
Academy rammed‑earth wall surfaces. Although SEM–EDS, XRD and laser diffraction
are well‑established characterization techniques, their coordinated multiscale application
to establish the first site‑specific material baseline for this academy ruin constitutes the
principal contribution of this study. The present study addresses this gap through a co‑
ordinated multiscale comparison of four samples, linking nanometre‑ to micrometre‑scale
morphology and elemental distribution with crystalline phases and volume‑based parti‑
cle grading. The approach positions the academy walls within the wider material history
of Lingnan earthen construction while generating parameters that can be used directly in
conservation design.
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1.3. Problem Statement and Objectives

The Lianxi Academy in Zhuhai, an important remnant of the Lingnan coastal region
commemorating Zhou Dunyi, embodies the spiritual core of Song–Ming Neo‑
Confucianism and Hunan culture, while also incorporating the regional characteristics
of Lingnan architecture. Its rammed earth walls, as the core structural remains of the
academy, directly reflect the adaptation of Lingnan academy architectural techniques and
regional materials since the Southern Song Dynasty, possessing significant historical, tech‑
nical, and cultural value. However, affected by the high temperature and humidity of
the Lingnan coastal region, typhoon erosion, and other natural environmental factors, as
well as the long‑term lack of systematic protection, the rammed earth walls of the Lianxi
Academy site in Zhuhai have suffered severe weathering, peeling, and efflorescence. The
integrity of the academy’s main structure has been compromised, and current academic
research on the Lianxi Academy in Zhuhai is limited, with no analysis or testing of the
composition and proportions of its rammed earth walls. Existing research on Lingnan
academies predominantly examines spatial layout, decorative art, and conservation mod‑
els [12,13], while lacking detailed microscopic analysis of core structural materials such
as rammed earth walls. This deficiency fails to elucidate the temporal and regional char‑
acteristics of the rammed earth wall materials utilized in Lingnan academies. Research
on Lianxi academies in various regions also tends to concentrate on cultural dissemina‑
tion and historical verification [8,14], lacking technical research on architectural material
remains, making it difficult to provide a reference for the conservation of the Zhuhai Lianxi
Academy site. Furthermore, the climate characteristics of the coastal areas of Lingnan dif‑
fer from those of the inland areas, inevitably leading to regional differences in the choice
of materials for the rammed‑earth walls of the Zhuhai Lianxi Academy compared to those
of inland Lianxi academies. Currently, no research has explored the regional adaptability
of the building materials used in Lianxi academies, nor is there an analysis of the temporal
characteristics of the material ratios for rammed earth walls used in Lingnan academies
during the Southern Song Dynasty.

Based on the above research status and the actual needs of site protection, this study
takes the rammed earth wall of the Lianxi Academy site in Zhuhai as the research object,
aiming to test whether the exposed wall contains compositionally differentiated material
classes expressed consistently in particle habit, local elemental association, mineral signa‑
tures, and grading. Resolving these relationships provides a material basis for explaining
differential weathering and for matching repair formulations to the local substrate.

Accordingly, the objectives are to: (1) document the multiscale morphology of the
four materials; (2) compare local O, Si, Al, K, Ca, and Fe distributions; (3) identify the dom‑
inant crystalline phase and resolve the principal diffraction features; (4) quantify D10, D50,
D90, operational size fractions, and replicate variability; and (5) integrate these results into
a material model and conservation strategy for the Lianxi Academy walls. The resulting
analytical record connects the site to the material history of humid‑region academy archi‑
tecture and supplies quantitative parameters for conservation design.

2. Materials and Methods
2.1. Study Area: Lianxi Academy Site in Guangdong

The Lianxi Academy in Zhuhai is located in Liqi NewVillage (also known as Liqi Xin‑
cun), Doumen Town, Doumen District, Zhuhai City, Guangdong Province, China. Today,
the Lianxi Academy in Zhuhai has two locations (Figure 1). One is amodern, antique‑style
building constructed by later generations to commemorate Zhou Dunyi (whose pen name
was Lianxi), a Neo‑Confucian scholar of the Song Dynasty. Surrounded by ancient wells,
bamboo groves, and vast fields, the academy enjoys a tranquil environment and has be‑
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come an important cultural landmark for local rural revitalization and youth study tours.
The other location is next to this antique‑style building, where the rammed earth founda‑
tion of the original Lianxi Academy remains. This study analyzes the latter (Figure 2a,b).
Doumen District has a subtropical monsoon climate. The climate is mild year‑round, with
abundant heat, sunshine, and rainfall. It is characterized by long summers and short win‑
ters, with rainfall and heat occurring simultaneously [17]. The average annual temperature
is around 22 ◦C. However, due to frequent typhoons, concentrated heavy rainfall, and pro‑
longed hot and humid conditions in the summer, these climatic features easily lead to
dampness, cracking, and collapse of rammed earth walls.

Figure 1.Research Objective: Location map of Lianxi Academy. (a) Guangdong’s location in China;
(b) Doumen District of Zhuhai in Guangdong; (c) location of Lianxi Academy in Liqi New Village.
(Image source: drawn by the author).
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Figure 2. The remaining rammed earth walls and sampling points at Zhuhai Lianxi Academy.
(a,b) Photo of the Existing Site of Lianxi Academy. (c) Sample 1 Sampling Point Diagram. (d) Sam‑
ple 2 Sampling Point Diagram. (e) Sample 3 Sampling Point Diagram. (f) Sample 4 Sampling Point
Diagram (image source: taken by the author).

2.2. Field Investigation and Sample Collection

This study conducted a field survey and sample collection at the rammed earth wall
building in Lianxi Academy, Doumen Town, Zhuhai City, from 9:00 a.m. to 2:00 p.m.
on 29 June 2025. Four disaggregated surface‑material samples (Samples 1–4) were col‑
lected from exposed rammed‑earth wall areas using clean tools, sealed immediately in
labelled containers, and stored dry before analysis. Each sample was homogenized gently
and divided into representative aliquots for SEM‑EDS, XRD, and laser diffraction. XRD
aliquots were ground to powder; laser‑diffraction aliquots were dispersed in water. The
four‑sample design was selected to capture material contrasts visible across the exposed
wall fabric and to permit direct cross‑method comparison.

All four surface samples were collected from decomposed crust layers at a depth of
0–5 mm on differently coloured sections of the wall. Sample 1 was yellow, Sample 2 green,
Sample 3 white, and Sample 4 black rammed earth, taken at positions 0.8–2.0 metres above
ground level. Samples were selected to cover distinct visible surface conditions: Sample
1 from a coarse eroded zone, Sample 2 from a locally calcified crust, Sample 3 from a fine‑
grained zone with microcracks, and Sample 4 from an Fe‑stained discoloured zone. All
were taken from sections without obvious modern repair traces and stored in sealed dry
containers (Figure 2c–f).

2.3. Analytical Techniques

This study combined laser‑diffraction particle‑size analysis and X‑ray diffraction
(XRD) with scanning electron microscopy–energy‑dispersive spectroscopy (SEM‑EDS) to
analyze the structural corrosion resistance mechanism of the Lianxi Academy.

2.3.1. SEM‑EDS

Powdered material was mounted on conductive adhesive tape, sputter‑coated with
a thin gold layer, and examined with a ZEISS Sigma 360 (Carl Zeiss AG Co., Ltd.,
Oberkochen, Germany) field‑emission SEM in secondary‑electron/InLens mode. A sys‑
tematic magnification series from 50× to 100,000× was recorded at an accelerating volt‑
age of 3.0 kV, a 30 µm aperture, and working distances of 5.3–5.5 mm. The common high‑
resolution comparison in Figure 3 was acquired at 100,000× with a 100 nm scale bar. EDS
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mapping and total spectra were acquired from selected representative fields at 15.0 kV us‑
ing a detector elevation angle of 33.9◦ and 2048 spectral channels. Elemental maps were
evaluated together with normalized weight and atomic percentages, with emphasis on
the spatial associations among O, Si, Al, K, Ca, and Fe. The Au coating signal was ex‑
cluded from the reported normalization; Cwas retained in the analytical totals but was not
used for mineral‑phase assignment because the mounting medium can contribute to the
measured response. EDS mapping was acquired on relatively flat areas to minimize topo‑
graphic effects. The Au coating signal was excluded from quantitative normalization, and
carbon tape contribution was considered in spectral interpretation. Cross‑sample compar‑
isons focus on relative compositional differences rather than absolute bulk concentrations.

Figure 3. Comparison of 100K× SEM images of samples from four different locations on a rammed
earth wall. (a) SEM morphology of particles in sample 1. (b) SEM morphology of particles in
sample 2. (c) SEMmorphology of particles in sample 3. (d) SEMmorphology of particles in sample 4.
All images were acquired at 100,000×magnification; scale bar = 100 nm (image source: compiled by
the author based on SEM analysis results).

For each sample, at least two independent fields of viewwere examined across 50× to
100,000×magnification to confirm microtexture reproducibility. Quantitative image anal‑
ysis was not performed; morphological descriptions are based on qualitative comparison
of representative fields.
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2.3.2. X‑Ray Diffraction

Powder aliquotswere ground, homogenized, and analyzed byXRDusingCuKα radi‑
ation (λ = 1.5406Å). Patternswere collected over 2θ = 10–80◦ at 2◦min−1with a recorded an‑
gular interval of approximately 0.0205◦. Experimental traces were compared with RRUFF
reference patterns for quartz (R040031‑1; SiO2), orthoclase (R040055‑1; KAlSi3O8), and
goethite (R120086‑9; FeOOH). Compatibility with a subordinate carbonate‑bearing com‑
ponent was evaluated from the recurring 29.46–29.54◦ reflection together with the local Ca
association and published mineralogical evidence from historic rammed earth [29]. Phase
interpretation prioritised peak position and full‑pattern agreement; the strongest observed
reflections were extracted from themeasured intensity series for cross‑sample comparison.

2.3.3. Laser‑Diffraction Particle‑Size Analysis

Particle‑size distributions were measured by wet laser diffraction with a Malvern
Instruments Mastersizer system (Malvern Instruments Ltd., Malvern, UK) operated us‑
ing Mastersizer software v3.81 and the HydroEV wet‑dispersion procedure (v3.x). Each
aliquot was dispersed in water (refractive index = 1.330) and ultrasonicated for 10 min to
break weak agglomerates. The Mie scattering model was applied with a particle refractive
index of 1.550 and an absorption index of 0.100. Mean obscuration ranged from 10.99%
to 13.35%, within the prescribed 8%–15%measurement window. Three independent mea‑
surements were recorded for each sample. The instrument‑averaged differential volume
distribution and its reportedDv(10), Dv(50), andDv(90) valueswere used for cross‑sample
comparison; these values denote the diameters below which 10%, 50%, and 90% of cumu‑
lative particle volume occur. Operational fractions were calculated as d < 2 µm, 2 µm ≤ d
< 63 µm, and d ≥ 63 µm. D50 and D90 coefficients of variation used the sample standard
deviation of the three run‑specific percentiles. The fixed 10 min protocol defines an opera‑
tionally dispersed state. Repeatability under this protocol does not establishwhetherweak
historical aggregates remain intact, and no sonication‑duration or dispersant‑sensitivity se‑
ries was performed.

2.3.4. Data Analysis

SEMmorphology was compared at commonmagnifications, and EDS concentrations
were evaluated as local mapped‑field measurements together with their spatial distribu‑
tions. XRD peak positions were matched to the reference patterns, while laser‑diffraction
curves were compared through instrument‑reported percentiles, modal features, oper‑
ational fractions, and replicate variability. Particle‑distribution span was calculated as
(D90 − D10)/D50. The combined analysis separates the shared mineral framework from
sample‑specific microtexture, local elemental enrichment, and bulk grading.

3. Results
3.1. SEMMorphology

Figure 3 provides a common 100,000× view of the four materials and resolves con‑
trasting particle habits at the 100 nmscale. Detailed SEM images at differentmagnifications
are provided in Appendix A. Sample 1 contains broad, irregular plates and blocky frag‑
ments whose surfaces carry clusters of much smaller particles. Sample 2 is fundamentally
different: straight to slightly curved rods intersect in a dense, three‑dimensional network,
with individual features extending for several hundred nanometres across the field. These
rod‑shaped structures coexist with local Ca enrichment. Their exact mineralogical origin
cannot be determined by SEMalone; potential explanations include carbonate crystals, clay
aggregates, biological filaments, or secondary weathering precipitates. Sample 3 consists
of overlapping plates with stepped edges and subparallel stacking, whereas Sample 4 com‑

https://doi.org/10.3390/coatings16080997

https://doi.org/10.3390/coatings16080997


Coatings 2026, 16, 997 10 of 36

bines thicker plates, short prismatic fragments, and fine surface particles. The contrast is
repeated across neighbouring fields and establishes four distinct microtextural signatures.

In Sample 1 (Figure 3a), fractured margins and fine particles lodged between larger
plates create a hierarchical aggregate with local point and face contacts. The interlaced
rods of Sample 2 (Figure 3b) span dark interstitial spaces and form an open, intersecting
network. Sample 3 (Figure 3c) shows face‑to‑face and edge‑to‑face contacts among thin
lamellae, producing a compact layered fabric. Sample 4 (Figure 3d) retains wider dark
gaps between plates and abundant small clusters at particle edges. These contact geome‑
tries document distinct local packing arrangements within materials that retain a common
quartz‑rich crystalline framework.

The high‑resolution panels and the lower‑magnification sequence in Appendix A
show that the nanoscale plates and rods occur within rough micrometre‑scale agglomer‑
ates. Sample 2 preserves its elongated fabric from 20,000× to 100,000×, while Samples 1,
3, and 4 progressively resolve from irregular aggregates into platy subunits. Recurrence
across successive magnifications establishes scale continuity and links the high‑resolution
particle habits to the aggregate‑scale morphology. The four contact patterns provide a mi‑
crostructural counterpart to the particle‑size and local elemental contrasts reported below.

3.2. EDS Elemental Characterization

All EDS results in this section reflect local compositional features of selected mapped
fields, and do not represent the bulk chemical composition of the entire sample or wall.

3.2.1. Sample 1

Figure 4 presents the Sample 1 morphology image, composite overlay, and elemental
maps at a 1 µm scale. The mapped area contains irregularly shaped particles and fine
fragments consistent with the aggregate texture observed in Figure 3a. O and Si occur
across most of the field, while Al is also broadly distributed. K, Ca, and Fe appear at lower
signal density, and Na andMg are comparatively sparse. The composite overlay confirms
that the field contains a mixed elemental assemblage. Colour intensity indicates relative
signal distribution within the mapped area and is not used as a concentration scale.

Figure 4. EDS mapping results of Sample 1. (a) Investigated area; (b) imaging results; (c) mapping
results. Scale bar = 1 µm (image source: compiled by the author based on SEM‑EDS analysis results).
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Thewidespread Si andO signals in Figure 4 are consistent with a silicate‑richmaterial
and complement the XRD identification of quartz as the dominant crystalline phase. The
more discontinuous K, Ca, and Fe signals show that these elements occur locally within
the mapped area. Together, the maps document micro‑scale compositional heterogeneity
in Sample 1.

The total spectrum for Sample 1 (Figure 5) is dominated by a strong Si peak and a pro‑
nouncedO peak, with additional labelled peaks for Al, Mg, K, Ca, Fe, Na, and C. This peak
pattern agrees with the map‑based observation that Si and O are the most pervasive com‑
ponents. The K, Ca, and Fe peaks are much smaller than the dominant Si signal, consistent
with their lower values in Table 1. The measured C response may include a contribution
from the mounting medium and is therefore excluded from mineral‑phase interpretation.

 

Figure 5. EDS spectrum of Sample 1. In the energy spectrum, the X‑axis represents the energy (in
keV) or wavelength of the X‑rays; the Y‑axis represents the number of X‑rays detected at a specific
energy/wavelength, i.e., the intensity or count (image source: compiled by the author based on SEM‑
EDS analysis results).

Table 1.Normalized EDS composition of Sample 1 (wt% and at%).

Element Line Type wt% wt% Sigma at%

C K‑series 18.43 1.00 26.22

O K‑series 53.05 0.67 56.65

Na K‑series 0.00 0.03 0.00

Mg K‑series 0.02 0.02 0.01

Al K‑series 2.21 0.05 1.40

Si K‑series 25.03 0.33 15.23

K K‑series 0.10 0.03 0.04

Ca K‑series 0.75 0.04 0.32

Fe K‑series 0.40 0.07 0.12

Total / 100.00 / 100.00
Source: Author’s statistics.

The spectral peaks, distribution maps, and Table 1 provide a consistent description of
Sample 1: O (53.05wt%) and Si (25.03wt%) are the largestmeasured components, followed
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by C (18.43 wt%), while Al, Ca, Fe, K, and Mg occur at lower levels. Mineral phases were
identified from the XRD results rather than from EDS alone.

Sample 1 therefore represents the most strongly Si‑rich mapped field: O and Si to‑
gether account for 78.08 wt%, and the low Ca and Fe values indicate only minor secondary
contributions. The irregular plates and attached fines form a quartz‑dominated microag‑
gregate whose compositional pattern contrasts with the Ca‑rich, Al–K‑rich, and Fe‑rich
fields in Samples 2–4.

3.2.2. Sample 2

Figure 6 shows the Sample 2 EDS mapping area at a 5 µm scale. The morphology
panel contains an irregular aggregate with flaky fragments and elongated features, pro‑
viding a lower‑magnification counterpart to the fibrous or rod‑like texture in Figure 3b.
O and Si are distributed across much of the mapped area, whereas K and Ca are clearly
represented and Fe occurs at lower signal density. The composite overlay shows several
overlapping elemental signals within the aggregate.

Figure 6. EDS mapping results of Sample 2. (a) Investigated area; (b) imaging results; (c) mapping
results. Scale bar = 5 µm (image source: compiled by the author based on SEM‑EDS analysis results).

Compared with Figure 4, Figure 6 shows a more conspicuous Ca signal, consistent
with the higher Ca value in Sample 2. O and Si remain widespread, whereas the Fe map is
sparse and discontinuous. The pattern indicates a heterogeneous Si–O‑rich material with
Ca‑ and Fe‑bearing contributions.

The Sample 2 spectrum (Figure 7) has pronounced O and Si peaks together with la‑
belled Ca, K, Fe, Mg, Na, and C signals. The Ca feature is more evident than in Samples
1 and 3, in agreement with Table 2. Fe peaks occur at higher energy but remain much
smaller than the main O and Si peaks. The spectrum confirms the multi‑elemental charac‑
ter of the mapped area.

Table 2 shows O 48.80 wt%, Si 20.28 wt%, C 11.37 wt%, Ca 12.93 wt%, and Fe 4.45 wt%
for Sample 2. The Ca value is the highest among the four samples. Despite this local Ca
enrichment, O and Si remain the principal elemental signals.

The elevated Ca and Fe values distinguish the analysed Sample 2 field from the other
mapped fields. Ca reaches 12.93wt%, nearly an order ofmagnitude above the next‑highest
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sample. The same sample also displays the rod‑rich microtexture, establishing a robust co‑
occurrence of chemical and morphological differentiation without assigning the rods to a
specific Ca‑bearing phase.

 

Figure 7. EDS spectrum of Sample 2. In the energy spectrum, the X‑axis represents the energy (in
keV) or wavelength of the X‑rays; the Y‑axis represents the number of X‑rays detected at a specific
energy/wavelength, i.e., the intensity or count (image source: compiled by the author based on SEM‑
EDS analysis results).

Table 2.Normalized EDS composition of Sample 2 (wt% and at%).

Element Line Type wt% wt% Sigma at%

C K‑series 11.37 0.58 18.25

O K‑series 48.80 0.56 58.82

Na K‑series 0.05 0.07 0.04

Mg K‑series 0.56 0.07 0.45

Si K‑series 20.28 0.28 13.92

K K‑series 1.56 0.15 0.77

Ca K‑series 12.93 0.29 6.22

Fe L‑series 4.45 0.69 1.54

Total / 100.00 / 100.00
Source: Author’s statistics.

3.2.3. Sample 3

Figure 8 documents the Sample 3 mapping area at a 1 µm scale. The morphology
image contains overlapping plate‑like particles and fine fragments, consistent with the lay‑
ered texture in Figure 3c. O, Si, Al, and K are well represented across the mapped area,
whereas Ca and Fe occur as lower‑density, scattered signals. The composite image shows
that the main Si–O–Al–K response is distributed through the particle assemblage.

The Sample 3 maps explain the difference between its composition and those of Sam‑
ples 1 and 2. Al and K display denser and more continuous signal populations than Ca
and Fe. This pattern is consistent with the relatively high Al and K values in Table 3, while
O and Si remain widespread throughout the mapped area.

The Sample 3 spectrum (Figure 9) contains strongO and Si peaks and a clearly labelled
Al peak, with K, Fe, Ca, Mg, Na, and C also detected. The prominent Al and K signals
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agree with the maps in Figure 8 and with the values in Table 3. Sample 3 therefore shows
a Si–O‑rich field with notable Al and K contributions and lower Ca and Fe responses.

Figure 8. EDS mapping results of Sample 3. Scale bar = 1 µm. (a) Investigated area;
(b) imaging results; (c) mapping results (image source: compiled by the author based on SEM‑EDS
analysis results).

Table 3.Normalized EDS composition of Sample 3 (wt% and at%).

Element Line Type wt% wt% Sigma at%

C K‑series 22.04 0.52 30.84

O K‑series 51.69 0.36 54.30

Na K‑series 0.18 0.02 0.13

Mg K‑series 0.01 0.02 0.01

Al K‑series 6.92 0.06 4.31

Si K‑series 13.41 0.10 8.02

K K‑series 4.97 0.05 2.14

Ca K‑series 0.14 0.02 0.06

Fe K‑series 0.64 0.04 0.19

Total / 100 / 100
Source: Author’s statistics.

Table 3 shows O 51.69 wt%, C 22.04 wt%, Si 13.41 wt%, Al 6.92 wt%, and K 4.97 wt%
for Sample 3. The Al and K values are the highest among the four samples. The agreement
between the table, spectrum, and maps identifies Sample 3 as locally enriched in Al and K
relative to the other mapped areas.

The paired enrichment ofAl (6.92wt%) andK (4.97wt%), togetherwithwidespread Si
and O, is consistent with a greater feldspathic or aluminosilicate contribution in Sample 3.
Its stacked lamellar fabric and high fine fraction define a compositionally and texturally
coherent fine matrix distinct from the Ca‑rich Sample 2 and Fe‑rich Sample 4 domains.
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Figure 9. EDS spectrum of Sample 3. In the energy spectrum, the X‑axis represents the energy (in
keV) or wavelength of the X‑rays; the Y‑axis represents the number of X‑rays detected at a specific
energy/wavelength, i.e., the intensity or count (image source: compiled by the author based on SEM‑
EDS analysis results).

3.2.4. Sample 4

Figure 10 shows the Sample 4 EDS mapping area at a 1 µm scale. The morphology
image contains broad platy surfaces, smaller attached fragments, and a bright edge region
associated with local topographic or compositional contrast. O, Si, and Al are distributed
through much of the map. Fe is also clearly present, whereas K, Ca, Mg, and Na occur at
lower signal densities. The composite overlay confirms a heterogeneous, multi‑elemental
particle field.

Figure 10. EDS mapping results of Sample 4. (a) Investigated area; (b) imaging results; (c) mapping
results. Scale bar = 1 µm (image source: compiled by the author based on SEM‑EDS analysis results).

The Fe map in Figure 10 is more densely populated than the corresponding maps
of Samples 1 and 3, consistent with the high Fe value in Sample 4. O and Si remain
widespread across the field, indicating local Fe enrichment within a mixed Si–O–Al‑
bearing material.
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The Sample 4 spectrum (Figure 11) has a dominantOpeak, substantialAl and Si peaks,
and clearly labelled Fe peaks at higher energy. The Fe response is more prominent than in
the other three spectra, consistent with Table 4. C, Ca, K, Mg, and Na are also detected at
lower intensity. Together, the spectrum and mapping results identify Fe as an important
local component of Sample 4.

 

Figure 11. EDS spectrum of Sample 4. In the energy spectrum, the X‑axis represents the energy (in
keV) or wavelength of the X‑rays; the Y‑axis represents the number of X‑rays detected at a specific
energy/wavelength, i.e., the intensity or count (image source: compiled by the author based on SEM‑
EDS analysis results).

Table 4.Normalized EDS composition of Sample 4 (wt% and at%).

Element Line Type wt% wt% Sigma at%

C K‑series 29.07 0.55 39.64

O K‑series 50.54 0.42 51.74

Na K‑series 0.00 0.03 0.00

Mg K‑series 0.11 0.02 0.07

Al K‑series 4.68 0.06 2.84

Si K‑series 3.67 0.05 2.14

K K‑series 0.20 0.02 0.08

Ca K‑series 0.40 0.02 0.16

Fe K‑series 11.33 0.14 3.32

Total / 100 / 100
Source: Author’s statistics.

Table 4 shows O 50.54 wt%, C 29.07 wt%, Fe 11.33 wt%, Al 4.68 wt%, and Si 3.67 wt%
for the analysed Sample 4 field. Fe and C are highest in Sample 4 among the four EDS
tables. The Fe value agrees with the prominent Fe peaks in Figure 11. The measured
C response may include a contribution from the mounting medium and is not used for
mineral‑phase assignment.

Sample 4 contains the strongest local Fe enrichment: Fe reaches 11.33 wt%, more than
twice the value in Sample 2 and more than an order of magnitude above Samples 1 and 3.
Its broad Fe distribution, prominent Fe spectral peaks, and comparison with the goethite
reference pattern are consistent with a subordinate Fe‑bearing oxide/oxyhydroxide com‑
ponent within a platy Si–O–Al matrix.
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3.2.5. Cross‑Sample EDS Comparison

The four EDS map–spectrum pairs share an O–Si‑rich foundation and display three
marked secondary‑element contrasts. The mapped Sample 2 field is Ca‑rich (12.93 wt%
Ca), Sample 3 is Al–K‑rich (6.92 wt% Al; 4.97 wt% K), and Sample 4 is Fe‑rich (11.33 wt%
Fe), whereas Sample 1 has the highest local Si value (25.03 wt%). Agreement among the
maps, spectra, and normalized tables documentsmicro‑scale compositional differentiation
among the sampled surface materials.

The elemental associations complementmorphological observations. The Si‑rich Sam‑
ple 1 field contains irregular plates and fragments; Ca enrichment in Sample 2 co‑occurs
with the rod‑rich field; the Al–K‑rich Sample 3 field is strongly lamellar; and the Fe‑rich
Sample 4 field contains platy particles with dispersed Fe signals. Because EDS repre‑
sents selectedmapped fields, these associations define localmaterial contrasts and provide
testable markers for a provisional condition‑mapping framework.

3.3. Qualitative XRD Phase Identification

The present XRD interpretation is qualitative and based on peak‑position matching
of major reflections, combined with independent EDS elemental evidence and published
mineralogical data of regional historic rammed earth. Full‑patternRietveld refinementwas
not performed, and peak overlap for low‑intensity subordinate phases cannot be fully ex‑
cluded. All phase assignments are therefore presented as compatible mineral assemblages
rather than definitive identifications.

The four XRD patterns share a dominant quartz signature (Figures 12–15). Their
strongest reflections occur at 26.70–26.78◦ 2θ, coincident with the principal quartz line,
while recurring peaks near 20.9◦, 36.5◦, 39.5◦, 50.2◦, 60.0◦, and 68.2◦ complete the quartz‑
rich full‑patternmatch. A recurrent feature at 29.46–29.54◦ is compatiblewith the principal
reflection of calcite. Since full‑pattern refinement was not conducted, alternative phases
with overlapping diffraction peaks cannot be rigorously excluded. Nevertheless, this car‑
bonate interpretation is reinforced by the locally elevatedCa content in Sample 2 and aligns
with carbonate occurrences widely documented in regional historic rammed earth [29].
Lower‑intensity features overlap with the orthoclase reference, and the Fe enrichment of
Sample 4 is consistent with a subordinate Fe‑bearing oxide/oxyhydroxide component. The
combined evidence identifies quartz as the crystalline skeleton with locally differentiated
secondary constituents.

The strongest reflections are located at approximately 26.74◦, 26.70◦, 26.78◦, and
26.74◦ 2θ for Samples 1–4, respectively; the maximum inter‑sample offset is only 0.08◦.
This reproducibility confirms that the same quartz‑dominated crystalline framework per‑
sists across compositionally different surface domains. Differences in subsidiary peaks
and background provide discriminating information for the individual samples.

Sample 1 (Figure 12) has a sharp principal quartz reflection at 26.74◦ 2θ and subsidiary
peaks near 20.97◦, 29.46◦, 36.56◦, 39.51◦, 45.89◦, 50.19◦, and 60.03◦. The narrow principal
peak records a well‑crystallised quartz contribution, while the subordinate 29.46◦ feature
and lower‑intensity reflections suggestminor secondary crystalline components. Thismin‑
eralogical profile agrees with the high local Si content (25.03 wt%) and sparse K, Ca, and
Fe signals in the mapped field.

Sample 2 (Figure 13) retains the dominant quartz reflection at 26.70◦ 2θ and resolved
peaks near 21.05◦, 29.54◦, 36.15◦, 39.53◦, 42.60◦, and 50.23◦. The 29.54◦ reflection, together
with 12.93 wt% Ca in the analysed EDS field, is consistent with a subordinate carbonate‑
bearing component locally superimposed on the quartz‑rich crystalline framework. The
bulk diffraction pattern remains quartz‑dominated.
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Figure 12.XRDpattern of Sample 1 comparedwith quartz, orthoclase, and goethite reference patterns
(image source: compiled by the author based on XRD analysis results).

Figure 13.XRDpattern of Sample 2 comparedwith quartz, orthoclase, and goethite reference patterns
(image source: compiled by the author based on XRD analysis results).
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Figure 14.XRDpattern of Sample 3 comparedwith quartz, orthoclase, and goethite reference patterns
(image source: compiled by the author based on XRD analysis results).

Figure 15.XRDpattern of Sample 4 comparedwith quartz, orthoclase, and goethite reference patterns
(image source: compiled by the author based on XRD analysis results).
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Sample 3 (Figure 14) displays strong reflections at 20.91◦ and 26.78◦ 2θ, followed by
resolved peaks near 29.54◦, 36.64◦, 39.65◦, 60.11◦, and 67.89◦. The paired low‑angle quartz
reflections and the series of subsidiary peaks give Sample 3 the most structured secondary
profile of the four patterns. This is consistent with its elevated Al and K contents and sup‑
ports a greater feldspathic or aluminosilicate contribution within the fine, lamellar matrix.

Sample 4 (Figure 15) has its maximum at 26.74◦ 2θ and distinct peaks near 39.51◦,
45.91◦, 50.23◦, 60.05◦, and 68.30◦. These reflections primarily reinforce the quartz assign‑
ment. The high Fe concentration and overlap with the goethite reference are consistent
with a subordinate Fe‑bearing oxide/oxyhydroxide component within the
quartz‑rich material.

3.4. Particle‑Size Distribution

The mean laser‑diffraction curves separate the samples into three grading groups
(Figure 16; Table 5). Sample 1 is the coarsest and broadest, with D10 = 1.88 µm,
D50 = 34.97 µm, D90 = 352.98 µm, and a distribution span of 10.04. Sample 2 is interme‑
diate (D10 = 1.59 µm; D50 = 10.98 µm; D90 = 90.04 µm; span = 8.06), whereas Samples 3
and 4 have closely matched fine medians (D50 = 8.93 and 8.52 µm) and narrower upper
tails (D90 = 52.37 and 56.42 µm; spans = 5.75 and 6.48). D50 coefficients of variation range
from 0.33% to 4.74%, and D90 coefficients remain at or below 7.94%, showing that the sep‑
aration of the three grading groups is repeatable across replicate measurements.

Table 5. Instrument‑reported particle‑size percentiles for the averaged distributions and replicate
coefficients of variation.

Sample D10 (µm) D50 (µm) D90 (µm) D50 CV (%) D90 CV (%)

1 1.88 34.97 352.98 4.74 1.99

2 1.59 10.98 90.04 1.98 7.94

3 1.08 8.93 52.37 0.33 0.56

4 1.16 8.52 56.42 1.27 1.51

Figure 16.Mean differential volume particle‑size distributions of Samples 1–4 (three wet‑dispersion
measurements per sample). Shaded intervals correspond to the operational fractions used in Table 6
(image source: compiled by the author based on particle‑Size distribution analysis results).
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All four curves contain a submicrometre shoulder centred near 0.77 µm, but their
larger‑size modes diverge. Sample 1 has a broad silt‑size population near 4 µm and a
dominant coarse mode at approximately 309.5 µm, which accounts for its high D90 and
d ≥ 63 µm fraction. Sample 2 has a broad principal mode near 5.21 µm and a gradual
tail into the coarse interval. Sample 3 combines modes near 4.03 and 27.37 µm, while
Sample 4 forms a broad plateau from approximately 4.58 to 11.20 µm. The multimodal
curves indicatemixtures of finematrix particles and larger aggregates rather than narrowly
graded soils.

The operational fractions in Table 6 quantify the same contrast. Sample 1 contains
41.69% material at or above 63 µm, approximately three times the proportion in Sample
2 and five to seven times those in Samples 3 and 4. Samples 2–4 are dominated by the
2 µm ≤ d < 63 µm interval (72.15%–75.32%), while Samples 3 and 4 contain the highest
d < 2 µm fractions (18.65% and 17.75%). Sample 1 therefore represents a coarse skeletal
material with a substantial fine component, Sample 2 a transitional grading, and Samples
3–4 fine‑matrixmaterials. Thesemeasureddistributions establish quantitative benchmarks
for conservation trial mixes.
Table 6.Operational particle‑size fractions calculated from the mean laser‑diffraction distributions.

Sample <2 µm (%) 2 µm≤ d < 63 µm (%) ≥63 µm (%)

1 11.46 46.89 41.69

2 13.96 72.15 13.87

3 18.65 75.32 6.01

4 17.75 74.53 7.75
Note for Tables 5 and 6: D10, D50, and D90 are the instrument‑reported percentiles of the averaged
distribution for each sample; operational fractions were integrated from the same mean distribu‑
tions. CV values were calculated from three replicate‑specific percentiles using the sample standard
deviation; CV = coefficient of variation.

4. Discussion
4.1. Multiscale Material Architecture and Internal Heterogeneity

The measurements resolve a common quartz‑rich framework and several distinct ma‑
terial classes at the exposed wall surface. Replicated laser diffraction separates a coarse
Sample 1 class, a transitional Sample 2 class, and closely related fine Sample 3–4 classes,
with D50 CVs below 4.8% and D90 CVs below 8.0%. XRD independently shows that all
four retain the same dominant quartz skeleton, with principal‑peak positions confined to
26.70–26.78◦ 2θ. Within this shared framework, SEM and the analysed EDS fields reveal
recurring local contrasts in particle habit and secondary‑element association.

A quartz‑rich crystalline skeleton unites the four materials, while their fine matrices
and particle contacts differ. Sample 1 combines the highest local Si value with the coars‑
est distribution and irregular plate‑like aggregates. In Sample 2, the rod‑rich microtex‑
ture co‑occurs with strong local Ca enrichment. Sample 3 links a fine grading and stacked
lamellae to Al–K enrichment, while Sample 4 combines a similarly fine grading with the
highest local Fe content. The magnification sequence in Appendix A traces these textures
fromwhole agglomerates to their constituent particles. The resulting fabric is hierarchical:
coarse grains supply skeletal volume, fine particles occupy intergranular space, and locally
differentiated secondary constituents alter surface chemistry and particle contacts.

Comparable heterogeneity is characteristic of historic rammed earth, where differ‑
ences in material source or construction batch establish the initial fabric and repeated wet‑
ting, drying, and selective particle loss subsequently amplify surface contrasts [27–29]. At
Lianxi Academy, the coarse, transitional, and fine classes are consistentwith this combined
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construction and weathering history. Their boundaries are therefore important targets for
condition mapping and compatible repair.

4.2. Mineralogical and Elemental Differentiation

Quartz is the dominant crystalline phase in every sample and forms the most stable
part of thewall’smineral framework. The repeated reflections near 20.9◦, 26.7◦, 36.5◦, 39.5◦,
50.2◦, and 60.0◦ 2θ, togetherwith pervasiveO and Si in the EDSmaps, show that this frame‑
work extends across all four surface domains. Quartz‑rich skeletons are also reported in
historic earthen walls from Guangdong, Fujian, Iberia, and North Africa [17,20–22,28,29].
The shared framework explains why the samples retain a common material identity de‑
spite large differences in secondary elements and grading.

Sample 1 provides the clearest quartz‑dominated reference. In its analysed field, Si
reaches 25.03 wt% and O plus Si accounts for 78.08 wt%, while Ca, Fe, and K are minor.
The broad grading and angular plate‑like particles define a granular skeleton containing
large fragments and attached fines. This material supplies a site‑specific benchmark for
the siliceous aggregate fraction of repair earth.

Sample 3 shows the strongest local Al–K enrichment detected by EDS. Al and K reach
6.92 and 4.97 wt% in the mapped field, and both elements are broadly distributed across
the imaged area. Their association with Si and O overlaps with the orthoclase reference
pattern, and stacked lamellar morphology is consistent with a greater feldspathic or alu‑
minosilicate contribution. The 18.65% < 2 µm fraction and dominant 2 µm ≤ d < 63 µm
population increase the surface area available for interparticle bonding andmoisture inter‑
action, giving this material a pronounced fine‑matrix character.

Sample 2 shows the strongest local Ca enrichment detected by EDS. Ca reaches
12.93 wt% in the analysed field, compared with 0.14–0.75 wt% in the other mapped fields,
and the recurring 29.54◦ XRD reflection is tentatively attributed to a subordinate carbonate‑
bearing component within the quartz‑rich material. The rod‑rich microtexture occurs in
the same sample but is not assigned to the Ca‑bearing phase. This combination of chem‑
ical and textural differentiation marks Sample 2 as a transitional material with distinct
dissolution–precipitation and repair‑compatibility requirements. No direct phase identifi‑
cation of the rod‑shaped features was performed in this study; their association with Ca‑
rich domains is a correlative observation, not a confirmed mineral assignment. Plausible
origins for these rod‑shaped features include authigenic carbonate precipitates, clay min‑
eral aggregates, microbial filament remains, and secondary weathering products formed
by repeated dissolution–reprecipitation cycles. None of these hypotheses can be defini‑
tively verified with the present dataset, so the structures remain morphologically charac‑
terized but mineralogically and chemically unresolved.

Sample 4 shows the strongest local Fe enrichment detected by EDS. Its local Fe con‑
centration of 11.33 wt%, prominent Fe spectral peaks, broad spatial distribution, and over‑
lap with the goethite reference pattern are consistent with a subordinate Fe‑bearing ox‑
ide/oxyhydroxide component in the platymatrix. Such phases commonly influence colour
and local cementation in earth materials, while prolonged wetting can redistribute Fe at
particle surfaces [22,29]. The coexistence of Fe‑bearing material with fine grading makes
Sample 4 particularly relevant to colour matching and monitoring of moisture‑related sur‑
face change.

4.3. Particle‑Size Architecture and Moisture‑Sensitive Behaviour

The particle‑size data converts the visual heterogeneity into a quantitative material
architecture. Sample 1 contains 41.69% material ≥ 63 µm and a pronounced mode near
309.5 µm, but also 58.35% finermaterial; it is therefore a broadly graded skeletal composite
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rather than a uniformly coarse soil. Samples 3 and 4 contain only 6.01% and 7.75%material
≥ 63 µm,while approximately three quarters of each distribution lies between 2 and 63 µm.
Sample 2 occupies a transitional position. These three grading groups provide a practical
explanation for the different aggregate forms seen in SEM.

Grading governs water movement through competing pore‑scale effects. Coarse
skeletal zones tend to contain larger and more continuous interparticle pathways, allow‑
ing rapid local ingress or drainage under direct wetting, whereas fine‑rich zones generate
smaller pores, stronger capillary suction, higher water retention, and a larger reactive sur‑
face. Particle‑size distribution is consequently a primary control on capillary absorption in
rammed earth [24,26], and grading can influence strength and stiffness as strongly as com‑
paction effort when humidity changes [23,25]. At Lianxi Academy, Sample 1‑like zones are
expected to transmit short‑duration rainwater differently from Sample 3‑ and Sample 4‑
like zones, which retain a larger fine‑matrix fraction. The inferred deterioration behaviour
of Samples 3 and 4 is based on grading and morphological observations. Oriented clay
fraction analysis with glycolation and thermal treatment was not conducted, so specific
clay mineral composition and its swelling‑shrinkage potential remain to be verified.

The multimodal curves further indicate that the surface materials contain both pri‑
mary particles and persistent aggregates. The submicrometre shoulder common to all sam‑
ples records a shared very fine component; the 4–30 µm populations dominate Samples
2–4; and the large Sample 1 mode records a separate coarse aggregate population. Based
on established hydric behaviour of rammed earth [21,24–26], repeated wetting is expected
to first drive water into connected voids and then into the fine matrix. Local swelling, soft‑
ening, and particle migration may reduce contact strength, while subsequent drying may
induce differential shrinkage and suction recovery. Repetition of such cycles may promote
granular disaggregation and progressive exposure of the quartz‑rich skeleton.

Interfaces between grading groups are especially important. A coarse domain adja‑
cent to a fine‑rich domain will not wet, store water, or dry at the same rate. The resulting
moisture gradient concentrates strain at the transition and can initiate microcracking, edge
loss, or detachment of fine surface material. The mapped heterogeneity may therefore ex‑
plain why apparently similar areas of the wall can exhibit different recession rates under
the same rainfall event. Material boundaries, including transitions that do not appear vi‑
sually weake, are priority locations for condition monitoring.

4.4. Regional Significance and Deterioration Model

The Lianxi Academy results extend the regional material record of rammed earth
in humid southeastern China. A nearby Guangdong study documented orientation‑
dependent Si–Al matrices, Ca‑rich domains, and microcracking under high humidity,
heavy rain, typhoons, and coastal exposure [17]. Studies of Fujian earthen walls similarly
connect wind‑driven rain, microclimatic differences, particle redistribution, quartz enrich‑
ment, and Fe‑related surface change [20–22]. The academy walls suggest that Lingnan ed‑
ucational heritage preserves the same complex interaction between local earthenmaterials
and monsoon exposure.

A four‑stage mechanistic deterioration model is inferred from the combined material
evidence. First, wind‑driven rain, roof runoff, and splash water wet exposed particle con‑
tacts and enter larger interaggregate voids. Second, capillary transfer draws water into
fine‑rich matrices, increasing retention and local softening. Third, drying generates un‑
equal shrinkage and suction recovery across coarse–fine interfaces and compositionally
differentiated Ca‑, Al–K‑, and Fe‑bearing areas. Fourth, repeated cycles detach fine parti‑
cles, enlarge voids, and progressively expose a coarser quartz‑rich residual surface. This
sequence is consistent with the granular loss and surface recession observed in the field,
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and connects the measured grading and microtexture to a plausible deterioration path‑
way. This model is interpretive and derived from static material characterization; direct
hydraulic and erosion testing would be required for full formal validation.

Themodel also suggests whymineral composition and grading should be interpreted
together. Quartz provides a durable skeleton but little intrinsic cohesion; the fine alumi‑
nosilicate matrix supplies bonding and moisture buffering; Ca‑bearing domains can alter
local precipitation and dissolution; and Fe oxyhydroxides can contribute to colour and sec‑
ondary cementation. Weathering selectivelymodifies these roles. Loss of finematrixweak‑
ens the skeleton even when XRD continues to show abundant quartz, while local chemical
redistribution changes surface appearance before major geometric loss becomes visible.

The analytical methods resolve different parts of the same material system. SEM
traces aggregate and particle morphology across ten magnification levels; EDS identifies
local secondary‑element enrichments; XRD establishes the common quartz‑rich crystalline
framework; and replicated laser diffraction quantifies the three grading classes. Their in‑
tegration distinguishes shared material identity from conservation‑relevant local hetero‑
geneity and provides a practical protocol for comparable humid‑region earthen heritage
studies [27].

4.5. Conservation Strategy and Material‑Matching Criteria

Conservation should begin with water‑path control because repeated wetting drives
the deterioration sequence identified above. Priority measures are secure wall‑top protec‑
tion, controlled roof discharge, reduction in splash‑back at the base, drainage that prevents
ponding, and inspection after typhoon rainfall. Long‑term exposure studies show that
local shelter and rain detailing can reduce erosion more effectively than indiscriminate
increases in material strength [19,21,40]. Moisture management preserves the existing par‑
ticle contacts and also improves the durability of later repairs.

Material intervention should follow three compositionally differentiated classes used
as a provisional condition‑mapping framework: coarse Sample 1‑likematerial, transitional
Sample 2‑like material, and fine Sample 3/4‑like material. Applying one repair mix to all
three would impose uniform shrinkage, pore structure, and drying behaviour on dissimi‑
lar substrates. Condition mapping should record surface texture, colour, recession, cracks,
exposure, and the nearest analytical class so that trial repairs are placed on the correspond‑
ing substrate.

The measured distributions provide preliminary compositional and grading bench‑
marks for conservation trial formulations. Sample 1‑like coarsematerial has D50 = 34.97 µm,
41.69% ≥ 63 µm, and 11.46%< 2µm. Sample 2‑like transitionalmaterial hasD50 = 10.98 µm,
13.87% ≥ 63 µm, and 13.96% < 2 µm. The fine Sample 3 and Sample 4 materials have
D50 = 8.93 and 8.52 µm, 75.32% and 74.53% in the 2 µm ≤ d < 63 µm interval, and 18.65%
and 17.75% < 2µm, respectively. Trial formulations should reproduce the appropriate com‑
plete curve and modal structure, retain quartz as the dominant crystalline skeleton, and
match the local Al–K‑, Ca‑, or Fe‑bearing signature. Full performance validation covering
shrinkage, density, porosity, capillary uptake, vapour permeability, adhesion, mechanical
compatibility, colour stability, erosion resistance and wet‑season durability should be con‑
ducted via monitored trial panels prior to formal application; such functional testing lies
beyond the scope of this baseline material characterization work.

Earth‑based repair mortars made from material close to the substrate have outper‑
formed lightly stabilised alternatives under capillary wetting and wet–dry cycling [30].
This evidence supports an unstabilised or minimally modified local‑earth approach for
Lianxi Academy. Portland‑cement‑rich or otherwise high‑stiffness repairs would create
abrupt contrasts in suction, vapour transport, shrinkage, and modulus. Binder addition
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should be reserved for formulations that demonstrate compatible drying, adhesion, colour,
and sacrificial weathering in monitored trial panels.

Performance assessment should measure surface recession, crack development, edge
detachment, colour change, moisture response, and repair–substrate adhesion through at
least one wet season. Each trial panel should be compared with its corresponding particle‑
size class and local elemental/mineralogical signature. These paired baseline and expo‑
sure measurements provide objective criteria for selecting compatible repair materials and
scheduling preventive maintenance.

4.6. Limitations

First, only four surface samples were analysed. The findings reflect characteristics of
the surface weathering zone and cannot fully represent the overall material composition
of the entire wall across all layers and orientations.

Second, all specimens are surface disaggregated materials, so results cannot directly
reflect properties of unweathered original rammed earth deep in the wall. Stratified sam‑
pling from surface to interior is required in future work to distinguish primary construc‑
tion features from secondary weathering products.

Third, no chronological or stratigraphic dating was performed, so the analysed mate‑
rials cannot be confirmed to belong exclusively to the original construction phase andmay
include materials from later maintenance.

Fourth, XRDphase identification relies on qualitative peakmatching rather than quan‑
titative Rietveld refinement. Subordinate phases including carbonate and Fe‑bearing oxy‑
hydroxide are inferred from integrated diffraction and elemental evidence, and potential
overlapping mineral phases cannot be definitively ruled out.

Fifth, the proposed wetting‑detachment deterioration framework is drawn from com‑
positional and textural observations rather than direct mechanical, moisture‑transport,
pore‑structure, or weathering erosion experiments, and thus requires targeted laboratory
testing for definitive validation.

Sixth, this study only provides compositional and grading baseline parameters for
preliminary repair material design, and does not include performance verification of trial
mortars against the original wall substrates. Comprehensive functional assessment of can‑
didate formulations remains to be carried out in follow‑up research.

Seventh, the rod‑shaped microstructures observed in Sample 2 are only documented
via SEM morphological observation. Their exact mineralogical identity and chemical
composition remain undetermined, and targeted microscale characterization such as
micro‑Raman spectroscopy or transmission electronmicroscopy is required for conclusive
phase assignment.

Eighth, all EDS elemental measurements reflect only the composition of selected local
mapped fields and do not represent the bulk chemical composition of the full samples or
wall sections.

5. Conclusions
This study provides the first integrated microstructural, elemental, mineralogical,

and particle‑size characterization of the exposed rammed‑earth wall surfaces at Lianxi
Academy. The coordinated use of SEM‑EDS, XRD, and replicated laser diffraction resolves
a quartz‑rich material system that is unified at the crystalline level but strongly differenti‑
ated in microtexture, secondary‑element association, and grading.

Four sample‑specific signatures were resolved. Sample 1 is locally Si‑rich and coarse
(D50 = 34.97 µm; 41.69% ≥ 63 µm); Sample 2 combines the highest EDS‑measured local
Ca content (12.93 wt%) with a distinctive rod‑rich microtexture, tentatively suggesting a
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subordinate carbonate‑bearing component; Sample 3 is a fine, lamellar material with lo‑
cally elevated Al and K (6.92 wt% Al; 4.97 wt% K by EDS), consistent with an enhanced
aluminosilicate contribution; and Sample 4 is a fine material with 11.33 wt% Fe in the anal‑
ysed EDS field, consistent with a subordinate Fe‑bearing oxide/oxyhydroxide component.
Quartz remains dominant in every sample, with principal reflections at 26.70–26.78◦ 2θ.

Replicated particle‑sizemeasurements separate the coarse, transitional, and fine grad‑
ing classes; XRD establishes their common quartz skeleton; and multiscale SEM‑EDS re‑
solves local textural and elemental differentiation. Coarse and fine materials generate
different pore architectures and moisture regimes, while Ca‑, Al–K‑, and Fe‑bearing con‑
stituents modify local surface chemistry. The measured grading and compositional con‑
trasts across material boundaries are consistent with granular disaggregation, fine‑particle
loss, void enlargement, and progressive quartz exposure driven by repeated wetting–
drying cycles.

For conservation, the results support a provisional three‑class condition‑mapping
framework and strict rainwater and splash exposure control, and provide compositional
and grading baseline parameters as preliminary benchmarks for compatible repair earth
trials rather than fully validated final formulations. Unstabilised or minimally modified
local‑earth mortars require comprehensive performance validation in monitored trial pan‑
els before broader application. The principal novelty of this work is the first integrated
site‑specific material baseline for Lianxi Academy rammed‑earth wall surfaces. The find‑
ings also provide a reproducible multiscale characterization framework for comparable
humid‑region earthen heritage and demonstrate the scientific value of academy ruins as
archives of regional construction technology.
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Appendix A. Supplementary Multiscale SEM Observations
Appendix A records the complete SEMmagnification sequence used to trace the four

materials from dispersed aggregates to nanoscale particle habits (correspond to the con‑
tent in Section 3.1). Each montage compares Samples 1–4 under the same accelerating
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voltage and magnification, allowing morphology, aggregation, and contact geometry to
be followed consistently across scale.

At 50×, thedepositedpowders alreadydisplay contrasting aggregate habits (Figure A1).
Sample 1 contains scattered angular and platy clasts with a broad apparent size range.
Sample 2 includes fewer blocky particles and a conspicuous elongated fragment. Sample
3 contains numerous irregular fine agglomerates distributed around larger clasts, whereas
Sample 4 is dominated by more isolated compact particles. The low‑magnification fields
establish the broad heterogeneity later quantified by laser diffraction, particularly the co‑
existence of large and small material in Sample 1.

Figure A1. Comparison of SEM images of four rammed earth wall samples at 50× magnification.
(a) SEM morphology of particles in sample 1 (WD is 5.5 mm); (b) SEM morphology of particles in
sample 2 (WD is 5.3 mm); (c) SEM morphology of particles in sample 3 (WD is 5.4 mm); (d) SEM
morphology of particles in sample 4 (WD is 5.5 mm). Accelerating voltage = 3.0 kV; InLens detector
(image source: compiled by the author based on SEM analysis results).

At 100×, particle outlines become clearer (Figure A2). Sample 1 contains blocky frag‑
ments accompanied by fine debris; Sample 2 preserves elongated splinter‑like particles
among irregular grains; Sample 3 forms a dense population of rough agglomerates; and
Sample 4 contains relatively discrete clusters separated bywide gaps. The image sequence
begins to separate the coarse skeletal character of Sample 1 from the more fine‑aggregate
character of Samples 3 and 4.
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At 200×, individual aggregate architecture is resolved (Figure A3). Sample 1 con‑
tains subangular composite grains with smaller particles adhering to their surfaces. Sam‑
ple 2 combines flaky clasts with a long fibre‑ or rod‑like body, foreshadowing the elon‑
gated network visible at high magnification. Sample 3 is dominated by rough, multi‑
particle agglomerates, while Sample 4 contains smaller, more dispersed clusters. These
fields show that the high‑resolution particle habits occur within morphologically distinct
parent aggregates.

Figure A2. Comparison of SEM images of four rammed earth wall samples at 100× magnification.
(a) SEM morphology of particles in sample 1 (WD is 5.5 mm); (b) SEM morphology of particles in
sample 2 (WD is 5.3 mm); (c) SEM morphology of particles in sample 3 (WD is 5.4 mm); (d) SEM
morphology of particles in sample 4 (WD is 5.5 mm). Accelerating voltage = 3.0 kV; InLens detector
(image source: compiled by the author based on SEM analysis results).

At 500×, surface roughness and intraparticle voids become prominent (Figure A4).
Sample 1 contains an angular grain embedded in abundant fine fragments; Sample 2 con‑
tains a larger loose aggregate with irregular protrusions; Sample 3 forms massive porous
agglomerateswhose edges are composed ofmuch finer units; and Sample 4 containsmixed
granular and platy clusters. The fields distinguish the fragment‑rich Sample 1 fabric from
the more open‑textured Sample 3 agglomerates.

At 1000×, all samples reveal hierarchical roughness, but their aggregate density and
particle organisation diverge (Figure A5). Samples 1 and 2 contain relatively compact in‑
dividual agglomerates with corrugated surfaces. Sample 3 shows a larger, open‑textured
mass composed of overlapping fine units, whereas Sample 4 contains smaller, partly sepa‑
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rated agglomerates. This scale is the transition fromwhole grains to the platy, fibrous, and
granular substructures that dominate the subsequent images.

Figure A3. Comparison of SEM images of four rammed earth wall samples at 200× magnification.
(a) SEM morphology of particles in sample 1 (WD is 5.5 mm); (b) SEM morphology of particles in
sample 2 (WD is 5.3 mm); (c) SEM morphology of particles in sample 3 (WD is 5.4 mm); (d) SEM
morphology of particles in sample 4 (WD is 5.5 mm). Accelerating voltage = 3.0 kV; InLens detector
(image source: compiled by the author based on SEM analysis results).

At 2000×, Sample 1 resolves into a compact layered aggregate with parallel surface
ridges (Figure A6). Sample 2 shows a fractured, irregular body with flakes and project‑
ing fragments. Sample 3 contains a rough composite of densely interlocked plates, while
Sample 4 displays a looser aggregate with curled or fibrous margins. Dark interparticle re‑
cesses are most apparent around the rougher Sample 3 and Sample 4 surfaces, indicating
more tortuous local contact networks.

At 5000×, the constituent microtextures become diagnostic (Figure A7). Sample 1
combines small plates and granular fragments in a compact matrix. Sample 2 contains nu‑
merous elongated needle‑ or rod‑like features emerging between plates. Sample 3 consists
of interlocking, wrinkled lamellae, and Sample 4 forms an open assembly of curled plates
and short elongated units. The persistence of these habits across the field confirms that the
contrasts are structural characteristics of the sampled aggregates.

https://doi.org/10.3390/coatings16080997

https://doi.org/10.3390/coatings16080997


Coatings 2026, 16, 997 30 of 36

Figure A4. Comparison of SEM images of four rammed earth wall samples at 500× magnification.
(a) SEM morphology of particles in sample 1 (WD is 5.5 mm); (b) SEM morphology of particles in
sample 2 (WD is 5.3 mm); (c) SEM morphology of particles in sample 3 (WD is 5.4 mm); (d) SEM
morphology of particles in sample 4 (WD is 5.5 mm). Accelerating voltage = 3.0 kV; InLens detector
(image source: compiled by the author based on SEM analysis results).

At 10,000×, Sample 1 displays stacked plates coated by fine equant particles
(Figure A8). Sample 2 shows a mixed plate‑and‑rod fabric with rods crossing voids and
particle faces. Sample 3 forms dense rosette‑like clusters of thin lamellae, whereas Sam‑
ple 4 contains strongly folded plates and open edge contacts. The plates in Samples 1, 3,
and 4 differ in thickness and packing, while the elongated component makes Sample 2
immediately distinguishable.

At 20,000×, the four microstructural signatures are fully resolved (Figure A9). Sam‑
ple 1 is dominated by broad plates and granular attachments; Sample 2 by a dense mat
of intersecting rods; Sample 3 by compact intergrowths of short plates; and Sample 4 by
a mixed population of short rods, flakes, and rough clusters. Rods in Sample 2 span in‑
terparticle gaps, whereas Sample 3 is dominated by overlapping face and edge contacts.
These observations document distinct local packing geometries.

At 50,000×, Sample 1 contains thin stacked plates with abundant nanoscale fragments
at their margins (Figure A10). Sample 2 retains a highly connected rod network with open
spaces between crossing elements. Sample 3 contains short prismatic and platy units ar‑
ranged in compact clusters, while Sample 4 combines interleaved plates, short rods, and
fine surface particles. The montage connects the aggregate‑scale sequence to the 100,000×
comparison in Figure 3 and documents the continuity of the four characteristic fabrics.

https://doi.org/10.3390/coatings16080997

https://doi.org/10.3390/coatings16080997


Coatings 2026, 16, 997 31 of 36

Figure A5. Comparison of SEM images of four rammed earth wall samples at 1000× magnification.
(a) SEM morphology of particles in sample 1 (WD is 5.5 mm); (b) SEM morphology of particles in
sample 2 (WD is 5.3 mm); (c) SEM morphology of particles in sample 3 (WD is 5.4 mm); (d) SEM
morphology of particles in sample 4 (WD is 5.5 mm). Accelerating voltage = 3.0 kV; InLens detector
(image source: compiled by the author based on SEM analysis results).

Figure A6. Comparison of SEM images of four rammed earth wall samples at 2000× magnification.
(a) SEM morphology of particles in sample 1 (WD is 5.5 mm); (b) SEM morphology of particles in
sample 2 (WD is 5.3 mm); (c) SEM morphology of particles in sample 3 (WD is 5.4 mm); (d) SEM
morphology of particles in sample 4 (WD is 5.5 mm). Accelerating voltage = 3.0 kV; InLens detector
(image source: compiled by the author based on SEM analysis results).
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Figure A7. Comparison of SEM images of four rammed earth wall samples at 5000× magnification.
(a) SEM morphology of particles in sample 1 (WD is 5.5 mm); (b) SEM morphology of particles in
sample 2 (WD is 5.3 mm); (c) SEM morphology of particles in sample 3 (WD is 5.4 mm); (d) SEM
morphology of particles in sample 4 (WD is 5.5 mm). Accelerating voltage = 3.0 kV; InLens detector
(image source: compiled by the author based on SEM analysis results).

Figure A8.Comparison of SEM images of four rammed earth wall samples at 10,000×magnification.
(a) SEM morphology of particles in sample 1 (WD is 5.5 mm); (b) SEM morphology of particles in
sample 2 (WD is 5.3 mm); (c) SEM morphology of particles in sample 3 (WD is 5.4 mm); (d) SEM
morphology of particles in sample 4 (WD is 5.5 mm). Accelerating voltage = 3.0 kV; InLens detector
(image source: compiled by the author based on SEM analysis results).
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Figure A9.Comparison of SEM images of four rammed earth wall samples at 20,000×magnification.
(a) SEM morphology of particles in sample 1 (WD is 5.5 mm); (b) SEM morphology of particles in
sample 2 (WD is 5.3 mm); (c) SEM morphology of particles in sample 3 (WD is 5.4 mm); (d) SEM
morphology of particles in sample 4 (WD is 5.5 mm). Accelerating voltage = 3.0 kV; InLens detector
(image source: compiled by the author based on SEM analysis results).

FigureA10.Comparison of SEM images of four rammed earthwall samples at 50,000×magnification.
(a) SEM morphology of particles in sample 1 (WD is 5.5 mm); (b) SEM morphology of particles in
sample 2 (WD is 5.3 mm); (c) SEM morphology of particles in sample 3 (WD is 5.4 mm); (d) SEM
morphology of particles in sample 4 (WD is 5.5 mm). Accelerating voltage = 3.0 kV; InLens detector.
Image source: Compiled by the author based on SEM analysis results.
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