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Fig. 1 XRD patterns of main hydration products of Mg-brick
at different hydration time
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Table 1 Basic physical properties of artificial bricks

Types of
brick
Blue brick 1.83+0.013 15.53+0.15 38.84+0.48 70.73£2.56 14.96+1.33

pl(g.em™) Wi% D% SH/HB UCS/MPa

Ancient
bri 1.36+0.034 34.52+0.71 47.04+1.08 51.50+4.10
ric]
Ca-brick  1.51+0.025 26.34+0.31 49.68+0.65 56.82+2.40 3.42+0.99
Si-brick  1.4040.043 32.17+£0.42 53.64+0.90 54.42+3.11 4.32+1.32

Mg-brick 1.70+0.025 14.51£0.15 43.52+0.73 66.18+3.23 13.71+1.30

SH is surface hardness. UCS is uniaxial compressive strength.
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Table 2 Capillary water absorption (AC), contact angle
(0), and water absorption (W) of replica bricks

Types of bricks AC/(kg'm-s7%%) 0/(°) W%
Blue brick 0.239 0.00 15.53
Ca-brick 0.015 136.38 26.34
Si-brick 0.293 0.00 32.17
Mg-brick 0.100 104.87 14.51
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Table 3 Flexural strength of bricks with three inorganic binders

Basic magnesium

Binder Hydraulic lime  Silica sol
sulfate cement
Bending strength of
. 0.001 0.203 2.044
brick masonry/MPa
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Table 4 Properties of penetration reinforcement of basic
magnesium sulfate cement-based strengthening

agent

n??l\%[iédeO) . Mass Quality of Depth of
#(H,0) fraction/%  solidification/g penetration/mm

501014 20 9.200 16.84

30 5.006 9.54

40 3.298 10.42

511116 20 6.912 10.25

30 4.539 11.28

40 4.087 10.75

511018 20 10.753 15.48

30 8.321 12.52

40 6.623 12.75

5:1:20 20 10.074 18.78

30 8.747 15.13

40 5.854 15.34

5:1:22 20 10.218 15.62

30 8.264 19.14

40 7.268 16.98
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Table 5 Properties of solid after penetration reinforcement

n(MgO) : Color Increase in
n(MgSO,4-7H,0) :  Concentration/% X compressive
n(H,0) difference strength/%
5:1:14 20 >10 35.62
30 >>10 55.43
40 >>10 12.25
5:1:16 20 >5 57.65
30 >>10 72.88
40 >>10 45.83
5:1:18 20 1.68 36.83
30 2.64 75.33
40 >>10 67.66
5:1:20 20 4.19 60.28
30 4.69 64.88
40 >>10 81.93
5:1:22 20 3.61 40.51
30 2.68 68.74
40 >5 73.57

2.4 kR EETER SRR B AN E 7 A9k AL 4

P 3 T DL e a2k Tl e R 5 /K Ve 6 o i 71 7K Ak
PP ONERBRIR 5-1-7 Ak, SRR, thiRA
/DB MO R ik 5-1-7 Wik kK & 56 % H.45 0
v, PR AZ Ao ] 750 B A BT 0 0 2 1k RE AT i
VN



5355 8

B S AN [EIRE N I 77 P 12 R .+ 2305 -

PSRN VT \
Aifé 1 e p. —

B3 DR il s CRR R B 7K 560 I KA P A T 35
Fig. 3 SEM of hydration products of preferred basic magnesium
sulfate cement-based reinforcement agent
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Fig. 4 Brick carvings on the screen wall after repair
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Extended Abstract

Introduction The brick-carved cultural relics is a precious cultural resource. The uniqueness of brick carving causes a high
requirement for the technique and materials of in-situ repair. The difficulty is to preserve the original features of brick carving while
restoring its microstructure. The inorganic reinforcing agents are beneficial for maintaining the physical properties of the historical
material and have been considered the optimal choice for restoring the cohesive strength of the historical material in recent years. The
restoration material prepared by basic magnesium sulfate cement (BMSC) has the advantages of high tensile strength, high resistance
to weather, high viscosity, early strength, and low cost. It has a good effect in reinforcing the weathered sandstone of the cultural
relics. The hydraulic lime is widely used due to its waterproof and breathable properties. But it is very expensive. The Silicon-based
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repair material has good permeability. But it has poor stability in the environment with the changing humidity. Three types of
strengthening agents are selected as the alternative options for the restoration of brick carving based on the need for the brick repair
and in-situ protection of the ancient mortar during the process of the restoration of brick carving.

Methods Three strengthening agents are Ca-based hydraulic lime, Si-based silica sol, and Mg-based BMSC. Three steps are
implemented in order to select the most effective strengthening agent in the restoration of the cultural relics of brick carving. That is
the preparation and research of performances of three kinds of imitation bricks, infiltration reinforcement of the ancient material, and
the verification of practical engineering. The powder of green bricks is used as the main material for replica bricks. The hydraulic
lime, silica sol, and BMSC-based reinforcing agent are firstly mixed with the powder of green brick to form replica bricks, which are
the Ca-bricks, Si-bricks and Mg-bricks. The multiple experiments were conducted to investigate the compatibility of replica bricks.
The studied properties include the composition of crystal phase, compressive strength, porosity characteristics, and the hydraulic
performance of the replica bricks, and so on. WW/T 0065—2015 “Code for Investigation of Stone Cultural Relics Protection
Engineering” is referenced. Secondly, the adhesive properties and infiltration reinforcement of the strengthening agents were taken
into consideration to evaluate the feasibility of application of these material to the restoration of the brick-carving cultural relics.
Finally, the verification of the referred BMSC-based strengthening agent used in actual engineering was conducted because the
laboratory environment is different from the complex environment where the cultural relics are located.

Results and discussion Ca-based and Si-based reinforcing agents only serve to adhere the powder of green brick. The BMSC-based
reinforcement agent continues to hydrate after being added to the powder of green brick to form the replica bricks. The main
hydration product is the 5-1-7 strength phase. So the BMSC-based reinforcing agent has the strongest adhesion among three types of
reinforcing agents. The Mg-brick has the best performance among three kinds of replica bricks, which is similar to the green brick.
But Mg-brick has the slight hydrophobicity. The properties of Ca-bricks and Si-bricks are close to the ancient bricks. The bending
strength of the masonry of bonded Mg-bricks is 10 times that of the Si-bricks. Only the BMSC-based strengthening agent has no
carbonization and has good aging resistance. The infiltration solution with a content of 30% BMSC-based reinforcement agent and a
moisture content of 44%-50% has the best effect of reinforcement, maintaining the original physical properties of brick-carved
cultural relics while restoring the original cohesion. The referred BMSC - based reinforcing agent can penetrate and bond the slag of
brick carving of 9.5 times the mass of agent.

Conclusions The BMSC-based reinforcing agent demonstrates higher penetration enhancement ability than reinforcing agents
based on hydraulic lime or silica sol. The volume stability of the referred BMSC-based strengthening agent meets the requirements. It
also can be found that the repair effect of the referred BMSC-based strengthening agent is good after two years. In summary, the
optimal ratio of BMSC - based reinforcing agent shows good repair effect at low cost. The Mg-brick and BMSC - based reinforcing
agent can be used for the restoration of brick carving.

Keywords brick carving; basic magnesium sulfate cement strengthening agent; hydraulic lime; silica sol; solreplica brick; adhesive
property



