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Abstract

The Great Wall in China was designated as UNESCO
cultural world heritage in 1987. Exterior masonry
made from natural stones, bricks and lime mortar
is one of the most attractive features. Due to an in-
tentional use of regional occurring stone deposits
and kilned clay bricks, the great wall construction
might follow a specific quality system according to
knowledge in the past. One of the most remarkable
characteristics is that both dolomitic and calcium
limes with less aggregates were used for bedding
and pointing mortars. Those mortars show very
high strengths and excellent bondings to natural
stones and kilned clay bricks. According to prelim-
inary investigations besides calcite and aragonite,
minerals of magnesium carbonate, mostly magne-
site (MgCO,) and others were identified in mortars
collected from non-restored parts from the Wall in
Beijing, Hebei & Shanxi Province. Comprehensive
researches shall be carried out to understand tradi-
tional lime technique, especially slaking technique
and to reveal durability of traditional lime mortars
under industrial pollution. Confronted with dam-
ages because of both anthropic and natural forces
specific stone conservation strategies have to be
figured out based on recommended further inves-
tigations. Especially compatible lime mortars or

alternatives for sustainable conservation shall be
specified.

Keywords: great wall, natural stone masonry, lime
mortars, dolomitic lime, deterioration, conserva-
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Introduction - Great wall built by Ming
Dynasty

The Great Wall, actually a network of fortifications
rather than a single structure, was continuously
constructed, rebuilt and extended by Ming dynasty
(1368-1644), representing the world’s largest mil-
itary structure (Luo et al. 1993) Fig. 1). A recent
government mapping project revealed that the en-
tire Great Wall structure spans some 5,500 miles
(8,850 kilometers) from the Korean border west
into the Gobi desert. According to the Chinese
Cultural Heritage Office in June 2012, a total of
43,721 individual sites or locations of the Great
Wall were identified as part of an extensive archae-
ological survey.

Despite of many restoration campaigns and recon-
struction activities in the past four decades (WHC,
2018), parts of the Great Wall are still in danger
to collapse (Fig. 2), even shortly after restoration.
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Figure 1: the Great Wall built by Ming Dynasty (red marked) and location of preliminary researches (green stars), Source: Liu Zhaoyi & Dai

Shibing

A recent joint research project of the Academy for
Heritage Architecture Research at Beijing Univer-
sity of Civil Engineering and Architecture in coop-
eration with the Architectural Conservation Labo-
ratory of Tongji Uinversity, Shanghai, is brought
to life to figure out a proper conservation concept
and adoptable technology. In its context the pre-
liminary studies on lime mortars dealing with brick
and stone masonry come in the first place.

Construction technique

The Great Wall is constructed with local materials.
At least four types of wall constructions can be
distinguished. The first type of wall is built with
natural stones and bricks mostly filled with natural
stones (Fig. 3). For long stretches it only consisted
of accumulated stone remnants with well dressed
(mostly local) natural stone as a foundation and
less well worked natural stones as a whole body.
The second type of the wall is based on a stone
foundation about 6 meters wide; both wall sides
were usually built from bricks whose interstices
have been filled with various materials, in partic-

ular soil, stones, wood and pieces of bricks, also in
most cases rammed earth. The masonry crown, as
the outer walls, too, was made of bricks, occupied
on two sides with bronzed breastworks, so that the
total paragraph?

hight was on average 6 to 8 meters. Between
rammed earth and stone/brick envelope there was
lime improved soil grouts. Lime mortar with soil-
stone gravel was normally used as a supporting
layer of the wall top pavements. It has been prov-
en that the bricks were burned in furnaces near
the wall (brickyard), while the natural stones came
from nearby quarries.

The third type of wall is similar to the second
one, but interior surface is made of rammed earth
without brick masonry. The forth type of the wall
is only composed by rammed earth, especially in
western regions.

Lime mortars were extensively used for bedding
and pointing (Fig. 4), but also for grouting of voids
within stone/brick masonries and stabilisation of
soils. Lime plasters were also found in few watch
tower ruins. But only the bedding and pointing
lime mortars will be further discussed in this paper.
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Figure 2: Wall surface from granite and bricks with white dolo-
mitic lime mortar showing cracks and delamination, Source: Dai
Shibing

Figure 3: Wall constructed with natural stones in Beijing, Source:

Wang Yijie

Figure 4: Pointing and bedding mortars (above calcium lime with

hydraulic components, below dolomitic lime). Source: Dai Shibing

Lime Mortars from Stone Masonry

Visual investigations showed that both bedding
and pointing lime mortars are made of pure lime
with very few agrregates (Fig. 4). In most cases
bedding mortars are the same in colour and texture

as pointing mortars. However there are also new
pointing mortars slightly different from bedding
mortars. The forms of pointing vary from flush,
tuck and double struck.

To characterize selected mortars, their chemical
and mineralogical compositions (Tab. 1) were ex-
amined paragraph?

as well as their technological properties (not illus-
trated in this paper). Firstly samples were analysed
wet-chemically to separate aggregate and binder
according to Wisser and Knofel (1987). Qualitative
X-ray diffractometry (XRD) to determine mineral
phases, binder type and aggregate followed (Mid-
dendorf et al., 2005). Individual samples were ver-
ified microscopically after semiquantitative X-ray
diffractometric analyses by Rietveld.

Noticeable at first sight is the low level of aggre-
gate common to all mortars. The lime content
(original binders) ranges from 67 wt% to 97 wt%.
The content of calcium and magnesium also varies.
According to european standards, those limes can
be classified into at least four categories, calcium
lime, CL90, CL80 and CL70 respectively NHL to do-
lomite lime DL90-30, DL90-5 or DL80-30 (Dettmer-
ing and Kollmann, 2019).

Exemplarily samples with relatively high contents
of Magnesium (Jiangmaoyu-JMY, Beijing) and lower
amounts of Calcite (CaO approx. 30wt%) and such
of high calcite contents (Xinguanwu - XGW, Shanxi
Province) with Ca0 40-50wt% and changing pro-
portions of Si0, or hydraulic components at very
low MgO contents (1-1,5wt%) were additionally
examined by microscopic analyses and Rietveld to
specify their characteristic proportions (Fig. 5 &
6). JMY represents a bedding and jointing mortar
in a composite of brick and natural stone masonry
(granite). It originates of a wall section belonging
to a garrison in Beijing. The dense structure of a
homogeneous binder matrix of a lime mortar with a
high binder content of about 95-wt% is containing
lumps of lime (Fig. 6). Those lumps are one of the
characteristic features of many historical mortars
resulting naturally during the slaking process re-
ducing the mortar’s water requirements.

In JMY bedding and jointing mortar lump particles
are distributed differing between predominantly
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Table 1: Chemical compositions and formulations (main carbonates and other components) of selected bedding and pointing mortars built

in Ming Dynasty. Source: CAUP, Tongji University (-: not tested).

Province | Location Mortar Cate- | Chemical Composition (wt%) Chemical Formulation Estimated
gory, visual (XRD) Lime Cate-
C.haracterns- Original | Hydraulic Main Car- | Other For- | 9°T€S
e Binder Compo- bonates mulations
nent in
Binder
Liaoning | Suizhong Bedding mor- | 87-97 0,9-3,5 51-55 1.4-2.2 CaCo, Si02 CL-80/90
tar, pure
Hebei Zunhua Bedding, pure | 81-97 1,7-4,7 32-37 21-22 CaCo, - DL80-30/
MgCo,, DL90-30
CaMg(CO0,),,
Mg,(CO0,),
(OH),
-4H,0
QinHuang- 82-95 4,2-8,8 45-49 1,8-3,5 CaCo, - CL80-90
dao Bedding 93 3,7 46 2,5 - - CL90
mortar, with
sand
Bedding, very | 97 4,8 51 4,1 - - CL90-5
soft
Bedding, pure | 95-96 3,2-5,2 52-62 1-2 CaCo, Si0, CL90
91 2,5 29 16,0 CaCo, Si0,, DL90-30
Ca(FeMg)
(Co,),
Zhang- 93 1,2 - 8,9 Mg, (CO,), CaCo, Si0,, | DL90-5
jia-kou (OH),- MgCo,
4H,0
Bedding, high | 99 0,6 - 6,8 CaCo,, - DL90-5
strength MgCO,
Bedding, 86 1,4 - 5,05 - - DL80-5
Very porous,
weathered
Beijing Shuiguang Bedding 99,2 0,3 29 15,7 Mg, (CO,), Caco, DL90-30
(OH), - MgCO,
4H,0
Jiangmao-yu 95-97 1,4 30-31 15,5-16,2 | Mg,(CO0,), CaCo, DL90-30
(IMY) (OH), - $i0,,MgCo,
4H,0
Caco,
Shanxi Xinguang- 82 3,5 50 11 CaCo, Si0, CL80
wu (XGW) 67 71 39 15 Caco, $i0,/CSH? | NHL or CL70
Pointing 82 5,9 49 1,2 CaCo, Si0,/CSH? | NHL/or
CL80
Bedding/ 69-79 1,2-3,9 | 52-61 1,3-2,2 | CaCo, Si0, CL70/80
Fangsi

50-150pm in sizes with some larger pieces up to
2mm.

Few aggregates were identified as quartz, bricks
with smaller fragments, calcium silicates, mica,
feldspar particles as well as smaller charcoal trac-
es.

X-ray diffractometry from comparative samples
provided evidence for a magnesium-rich carbonate,
huntit as well as its conversion form hydromag-
nesite (Fig. 7). Magnesite, carbonating next to cal-
cite during the hardening process after firing and
the subsequently slaking process, shows a higher
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solubility behavior, forming hydromagnesite in the
presence of moisture. The distribution of hydro-
magnesite has led to a partial dissolution phenom-
ena and a recrystallization to less soluble gypsum
(Fig. 6). Semiquantitative X-ray diffractometric
analyse of JMY (Fig. 7) determined by Rietveld
provided predominantly calcite (> 57 %, 5% arago-
nite), hydromagnesite (27 %) and magnesite (9 %)
as phase components, categorized as dolomitic
lime known today as DL90-30. The lime mortars
from Zunhua in Hebei Province have almost the
same properties as XGW.

In contrast to the occurrence of dolomitic lime
mortars containing more or less pure calcite lime
are dominating in western Shanxi province, Xin-

guanwu (XGW). It can be assigned to the third type

Figure 5: Shows a representative thin section to characterize the
microstructures of Xinguanwu bedding mortar with lumps of lime.

Source: Dettmering/Middendorf.

Figure 6: Shows a representative thin section to characterize do-

lomitic bedding mortar with gypsum in cracks from Jiangmaoyu/

Beijing. Source: Dettmering/Middendorf.
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Figure 7: XRD of two typical lime mortars (JMY: dolomitic lime;
XGW: calcium lime with hydraulic components. Source: Dettmer-
ing/Middendorf.

of wall with an interior surface made of rammed
earth and an outer cladding of brickstone mason-
ry. Due to the geology and the appearance of the
limes, it is obvious that also silicious and argili-
ceous limestones were used to build the wall “Xin-
GuanWu”, which runs over three mountain passes.
Raw materials of the lime mortars had different
marl contents. This is partly confirmed in X-ray
and wet-chemical analyzes of collected mortars.
The average Ca0 contents of comparative samples
are about 39-49 wt.%. The binder proportions vary
between 67 and 82wt.%. The calcium carbonate
content determined by Rietveld analysis ammounts
to a calcite content of 78% and an aragonite con-
tent of 10% (Fig. 7).

In addition small amounts of gypsum (< 1%) could
be identified as a minor phase. X-ray diffractome-
try reflexes around 32-33° 2Theta indicate CSH-
phases. Microscopically the larger lime lumps in
the order of 150-200pm appear to be covered
by cloud-like structures (Fig. 5 left) typical of
CSH phases (Valek et al. 2012); finely crystalline
phases were also identified in the homogeneous
matrix. Wet-chemical analyzes according to Wisser
and Knofel of comparable samples suggest an NHL
or CL80.
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Conclusion, discussion and further
researches

First investigations show that the bedding and
pointing lime from the Great Wall are characterized
by high lime content without or with low propor-
tion aggregates although lime used ranged from
pure dolomitic lime to pure calcium lime. It is not
yet firmly clearified wheather the limeswith hy-
draulic components were also used.

Lime lumps are caused by the use of coarse-grained
lime, which might be produced in the dry slaking
process. They can act as a lime reservoir in the
binder or as an aggregate. The detection of dolo-
mite in the XRD could be an indication for the si-
multaneous use as a binder and as an aggregate.
Based on the first studies, further XRD analyses in
combination with transmitted and reflected light
microscopic investigations as well as scanning
electron microscopy are necessary. Further inves-
tigations are needed to determine reliable and
precise data of the historic mortars with regard
to grain size distribution, binder/aggregate-ratio
and air void porosity, pore contents and pore radi-
us distributions. With the help of further analyzes
regarding their lime binders, their high proportion
of lime-containing matrix a basis for the investiga-
tion of suitable mortar formulations can be worked
out. Comprehensive researches shall be carried out
to reveal durability of traditional lime mortars un-
der industrial pollution. First examinations of the
dolomitic calcareous masonry of the Great Wall
show that severe changes occur due to the effects
of air pollutants. Mortars used for the re-construc-
tion and restoration in the past four decades shall
also be evaluated. Experimental burning and slak-
ing tests to replicate historic technique have been
started. More compatible pointing mortars based
on natural hydraulic lime have been tested. Vari-
ous grouts for structural purposes are in develop-
ment under a new reseach framework.
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