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Composition and Performance Evolution of the Ming Great Wall Ancient Mortar in
Dazhuangke of Great Wall Built at Ming Dynasty
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Abstract: The Great Wall is one of the greatest construction projects in the history of human civilization, and the traditional lime mortar
is an important guarantee standing for centuries without falling. Exploring the phase and composition ratio of ancient mortar used in the
Great Wall through modern scientific and technological means and analyzing its performance evolution process, we could effectively
understand the characterizations of traditional technology. The use of the past for the present is of great significance in guiding and
promoting the conservation and restoration of endangered ancient buildings. Therefore, four representative locations were selected in the
Dazhuangke of the Great Wall. The physical properties, phase composition and ratios of the ancient mortar samples were systematically
analyzed by X-ray fluorescence spectroscopy, X-ray diffractometry, thermogravimetric-differential thermal analysis, Fourier transform
infrared spectroscopy, iodine-starch test, mercury-pressure test and scanning electron microscopy, respectively. The comparison with the
modern repair mortar reveals the evolution pattern of the performance of ancient mortar. The results show that the ancient mortar is a pure
air-hardened lime mortar. The type of lime is a magnesian lime. No water-hardening components occur in the mortar, and no aggregate
components or organic additives appear. The long-term carbonation process can inhibit the crystallinity of calcite crystalline calcium
carbonate, refine the granularity of calcium carbonate, and effectively improve the denseness of the mortar hardening body. This could be
one of major reasons for the superior performance of ancient mortar.
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Table 1 Oxide fraction (mass fraction w) of the Ming Great
Wall mortar in Dazhuangke w/%

Sample .

No. CaO MgO SiO, ALO; Fe,0O3 SO; K,O Na,O
L1 8279 949 389 1.10 087 080 029 0.26
L2 8275 1244 251  0.65 059 047 0.14 0.24
L3  89.12 427 410 1.14 079  0.12 0.11
L4 8757 553 4.04 1.02 094 022 0.18 0.14

L5 95.83 096 1.64 0.46 0.69 0.07 0.16
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Fig. 4 Thermogravimetric analysis of the Ming Great Wall
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Table 2 Mortar phase content based on TG-DSC calculation

Sample wi%

No. Ca(OH), MgCO; CaCOs
L1 14.39 70.38
L2 16.32 67.05
L3 2.78 82.24
L4 5.37 76.33
L5 66.33 17.98
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Table 3 Calculation of mass loss in each temperature
range of mortar
Sample ~ Mass loss in each temperature range/% Mass ratio of
No. 30-105 C 105-500 C 600-800 C CO,/SBW
L1 0.60 3.05 30.97 10.15
L2 0.55 2.76 29.50 10.69
L3 0.89 2.48 36.18 14.59
L4 0.42 2.70 33.59 12.44
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Fig. 7 Schematic diagram of the Ming Great Wall mortar iodine starch test
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Table 4 Pore structure parameters of mortar

Sample  Total pore Total pore Average pore  Most probable . Pore size distribution/%

No. volume/(mL~g’l) area/(m’- g") size/nm pore size/nm Porosity/%s <10 nm 10-100 nm 100200 nm  >200 nm
L1 0.29 5.49 479.96 210.84 41.64 0 12.35 12.60 75.05
L2 0.21 7.92 159.01 104.34 33.60 0.05 31.27 24.83 43.85
L3 0.31 5.98 619.68 207.15 43.89 0.15 10.95 9.94 78.96
L4 0.36 9.69 489.63 148.58 46.99 0.49 15.95 12.28 71.28
L5 0.48 9.24 928.10 206.20 51.22 0.45 7.70 4.60 87.25
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Fig. 8 Microscopic morphology of ancient mortar of L1-L4 groups
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Table 5 EDS-point scanning analysis of element content in

ancient mortar of L1-L4 group x/%
Point C (¢} Ca Si
A 23.35 49.01 27.43 0.21
B 23.89 53.01 22.73 0.37
C 25.74 48.18 25.75 0.33
D 21.46 54.21 24.18 0.15
E 28.05 49.23 22.10 0.62

x is mole fraction.
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Fig. 9 microscopic morphology of ancient mortar of LS group

®6 LSAMKRRTEDE EDS o3 N
Table 6 EDS-point scanning analysis of element content in

modern mortar of L5 group x/%
Point C O Ca Si
F 3.89 61.18 34.73 0.20
G 23.21 55.98 20.66 0.15
H 10.91 66.90 21.75 0.44
J 3.35 68.99 27.43 0.23

x is mole fraction.

Hiti EDS )75 206 X3 N A P (¥ 7T 3 3 A
BEATHE— B, IS TR & R A K
REATTREE, SRR T Pron. SAHAKK
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BRI, X 5HTEET XRF. XRD 45T B3 21
LR US S

GERE, BRARCEHE 3~4 AL,
(B R FERHBOU I H BB B K315 5 AR
RAESLRR . EER S AR R E R . XKE
B TR R, — T SRR A K K
M5, HaRBE A K EE T4 K Ca(OH),
S COy A ) CaCO;y, RIEBRAL S B A

@

K10 AR BB R Cay Mg JTER A1
Fig. 10 Distribution of Ca and Mg elements in ancient mortar
and modern mortars
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Table 7 EDS-surface scanning analysis of element content
in mortar of L1-LS group

Sample x/%
No. Ca Mg (6] Si Al
L1 12.92 8.64 77.28 0.57 0.59
L2 11.34 9.17 78.80 0.50 0.18
L3 22.08 2.25 74.77 0.61 0.29
L4 15.64 2.07 81.10 0.87 0.34
L5 23.09 0.49 75.76 0.45 0.21
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