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Inspection and Evaluation of Wood Components of
Ancient Buildings in the South-Three Courts of the
Forbidden City

Yongjie Tan, Xiaojun Yang,* Xinchun Bai, Haoran Dong, Jiamin Liu and Lu Zhang

Ancient architectural wood components were evaluated in terms of
mechanical properties, material color expression, ultrasonic shape,
chemical components, and deformation of shape and position by
comparing them with new red pine materials. The results showed that the
deterioration of the surface material properties of wood components was
very serious, mainly caused by weathering. The attenuation degree of the
inner layer of the wood component was relatively low, and the color
change of the wood was obvious, which was mainly caused by fungi.
Ultrasonic nondestructive testing technology was used to detect the
internal damage of ancient wood components. According to the test
results, it was speculated that the root defects of pillar components were
serious. Three components of wood after long-term weathering changed
significantly, and lignin had been seriously damaged. This damage was
reflected in the degradation of the number of aromatic groups and the
changes in the nature of the group. The main wood beams in the main
halls of the three yards were bent at 0 mm offset scale and unit offsets of
the pillars of the four courtyards were within the safe range.
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INTRODUCTION

Chinese culture includes wood-frame architecture. Many ancient wood structures
have been damaged, and even the Forbidden City has not been spared (Geng 2018). The
Forbidden City in Beijing is one of the largest and best-preserved wood structures in the
world and is listed as a World Heritage Site. Some of the Forbidden City buildings have
been damaged by wind, sun, rain, human damage, and biological damage, and the
components have been damaged by decay, cracking, and weathering (Dai and Liang 1987,
Yin et al. 1987; Spriggs et al. 1989). This damage affects the aesthetics and performance
of the building and threatens the safety of tourists; thus, it must be repaired (Mosoarca and
Gioncu 2013). Precious cultural heritage is a corroboration of the study of history, and it is
necessary to protect, inherit, and preserve its original appearance (Shi et al. 2009). The
country attaches great importance to the restoration and protection of the Forbidden City.
As early as 2002, the “Forbidden City overhaul” plan was launched (Qin et al. 2018). Shi
et al. (2009) investigated the Hall of Supreme Harmony and discovered its existing
symptoms. According to GB 50005 (2017) standard for design of timber structures, the
strength of the elements was verified by arithmetic analysis to meet the requirements, and
the parts that needed strengthening were reinforced (Chang et al. 2019). Qin et al. (2018)
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selected the wood structure of the well pavilion in the Forbidden City of Beijing, which
has the characteristics of ancient architecture of the Ming and Qing dynasties and studied
its dynamic characteristics. The self-vibration frequency of the wood structure was
relatively low, and the residual damage of materials, components, and nodes reduced the
structural stiffness and self-vibration frequency. Under the action of ground vibration, the
horizontal reaction force of the pillar foot of the residual structure was smaller than that of
the intact model, while its acceleration and displacement response were significantly larger
than that of the intact structure (Qiao et al. 2016). Often, the restoration and protection of
ancient buildings has resorted to experience and judgment based on surface observations
to carry out selective repairs, and there is a lack of necessary testing for the materials of
building components (Fu et al. 2021). Repairs are difficult or insufficient, which is not
conducive to protecting the original appearance of the building and its components (Parisi
and Piazza 2007; Lu 2017). Before starting the restoration project of ancient buildings, it
IS an important measure to scientifically protect the ancient buildings and cultural relics
after testing and analysis of the buildings and their components (Wang et al. 2019; Zhang
et al. 2021).

South-Three Courts is the palace building of the Forbidden City in Beijing. As
shown in Fig. 1, the Emperor Jiaging once lived (Shan 1988) there. South-Three Courts
shares a palace gate, with 3 rooms wide and 1 room deep. It has a green glazed tiled
mountain top. The door opens in the middle, and there is a ramp with a sawtooth slope
made of brick or stone inside and outside. South-Three Courts is located in the eastern part
of the Forbidden City. According to the five elements of yin and yang, the east relates to
wood, green, the main growth, and so the roof is covered with green glazed tiles and
arranged for the imperial son to live here. The roofs of South-Three Courts are single eaves
hard hill roof or hipped roof; the form of the emperor’s temple used a slightly inferior
grade. The architectural complex of South-Three Courts includes the first courtyard,
second courtyard, third courtyard, and forth courtyards, where the first courtyard, second
courtyard, and third courtyard include the main hall, East Hall, East Hall South ear room,
East Hall North ear room, West Hall, West Hall South ear room, West Hall North ear room,
where four halls include the West Hall and rear hooded rooms, and other buildings (Shan
2016). In this paper, the beam and pillar elements replaced during the repair of South-Three
Courts of the Forbidden City were studied, compared with new red pine material, and their
material characteristics were studied in terms of mechanical properties, material color
performance, ultrasonic shape, chemical components, and deformation of form, to make a
preliminary determination of the material and facilitate measures for the repair and
protection of ancient wooden buildings in China.

Fig. 1. The main hall of the first courtyard of South-Three Courts
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EXPERIMENTAL

Materials

The test wood is the old material dismantled during the maintenance of South-Three
Courts of the Forbidden City. The main species is Pinus koraiensis, taken from the beams,
pillars, and Fang, which according to historical records have served about 134 years, and
all of which have varying degrees of decay. The moisture content was about 14%. The
comparison material was new red pine (Pinus koraiensis) from the northeast of China, with
some live joints and cracks and straight grain.

The experimental instruments and equipment were a CR-10 portable colorimeter
(Konica Minolta Group, Tokyo, Japan), a UTM4304 universal mechanical testing machine
(Suns Technology, Shenzhen, China), a BJNM-1 intelligent non-metallic ultrasonic
detector (Beijing Institute of Optoelectronics Technology, Beijing, China), a Fourier
transform infrared spectrometer (FTIR) (PerkinElmer, Massachusetts, USA), a laser five-
line meter (Hi Fidelity Technology, Beijing, China), and a laser skew tester (NADO
Intelligent Technology, Yantai, China)

Experimental Design

The test detected the old wood components of the Forbidden City and evaluated
their material properties. At the same time, it analyzed how its performance compared with
the new red pine produced in the northeast of China, and it studied the degree of material
color difference between the surface and the inside of the component, so as to establish the
corresponding relationship between the color of the component and the material
performance. In addition, ultrasonic nondestructive testing, FTIR, and shape testing tests
were performed on the wood components.

The test was divided into two parts. The first part was the field collection, which
was planned to conduct color testing, ultrasonic flaw detection, and form testing on some
of the beams, pillars, and Fang at South-Three Courts, and to collect some of the
components replaced during maintenance for further testing in the laboratory.

The second part was carried out in the laboratory. The old wood components were
divided into 3 groups, L, Z, and F, according to the part from which they were taken, with
3 groups of L components, 4 groups of Z components, and 2 groups of F components. Six
control groups for flexural and modulus of elasticity tests of new wood and three control
groups for hardness tests were also planned.

The test procedure was as follows: all old wood components were subjected to
material color determination and ultrasonic nondestructive testing, followed by tests of
flexural strength and modulus of elasticity for L1, Z1, and F1, hardness tests for L2, Z2,
and F2, and finally, infrared spectra were measured for L2. Each group of experiments was
conducted with new red pine as the control group of the specimens.

Methods

The mechanical test method utilized the bending resistance test using the
determination method of the three-point bending test, and the hardness test was conducted
with reference to GB/T 1941-2009 (2009). The bending resistance specimen sampling
schematic diagram is shown in Fig. 2. The thickness of all samples is 8 mm, and the length
is 225 mm. The width of the beam L specimen and the column Z specimen is 40 mm. The
width of the Fang F specimen and the red pine material X specimen is 50 mm.
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Inner layer Outer layer

Fig. 2. Sampling schematic diagram of L1, Z1, and F1

The color difference test method was utilized. The material color was collected
from the specimen, each test point was measured twice, the innermost measured point was
taken as the standard point, the average value of L*, a*, and b* was taken as the final color
index of the position, and the color difference AE was calculated according to formula (1).

AE" = - ;) +(a; —a;) +(b; -3 ) (1)

The ultrasonic flaw detection test method was utilized in the healthy new red pine
to create artificial defects, with a double probe penetration method for healthy material and
defective material to test, with each test before the two probes applying an appropriate
amount of petroleum jelly for coupling agent. The schematic diagram of the artificial
defects is shown in Fig. 3.

DF

SF
Fig. 3. Schematic diagram of artificial defects

The FTIR test method was utilized. The appropriate amount of wood chips was
sawn on both sides of the specimen, fully ground in an agate mortar, and pressed. Then the
FTIR infrared scanning analysis was carried out using an FTIR spectrometer in the
wavelength range of 400 to 4000 cm ! according to the order from inner layer to outer
layer.

The deformation test method was utilized. The deflection tester and laser distance
meter were used in combination with traditional test methods to test the deformation of 95
pillars and 12 wood beams of the large wood structure of each building unit in South-Three
Courts.
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RESULTS AND DISCUSSION

Analysis of Tree Species Identification of Wood Components

The species identification was conducted on 67 key wood components taken from
the eaves of the west side hall of the third courtyard, the wood pillars placed in the second
courtyard, and the wood blocks on the ground of the north penthouse of the west side hall
of the first courtyard. The identification procedures included slicing, soaking, microscopic
observation, and photographing. A typical microscopic test photograph is shown in Fig. 4.
Based on the observed species characteristics, and after consulting literature (Cheng et al.
1992; Jiang and Peng 2001), the species identified were mainly Pinus koraiensis and partly
Pinus sylvestris.

(a) Cross section Pinus koraiensis  (b) Vertical section Pinus koraiensis  (c) Tangential section Pinus koraiensis

AR TR
(d) Cross section Pinus sylvestris (e) Vertical section Pinus sylvestris
Fig. 4. Microscopic photographs of specimens

The main load-bearing components of the main hall, the auxiliary hall, and the
penthouse included large wood components such as pillars, three beams, and five beams.
The main wood species for these wood components were Pinus koraiensis, Pinus
sylvestris, and Abies fabri. The main species for secondary load-bearing components such
as Sui beam, ceiling beam, and short pillar were Pinus koraiensis, Cunninghamia
lanceolata, Picea asperata, and Abies fabri. The main selection tree species for purlins and
beams were Pinus koraiensis and Larix gmelinii. In addition, cypress, hard pine, and other
species were also scattered among the selected species. The proportion of each species in
the overall sampling number of components is shown in Fig. 5.

As shown in Fig. 5, the main load-bearing wood components of the South-Three
Courts’ halls and ears were selected mainly from the northern species of hard pine for
density and mechanical strength, and the other wood components mainly used were low
density, light weight softwood pine. The woods used for the wall panels, ceilings, and
window frame fans of the main hall, auxiliary hall, and penthouse were mainly Pinus
sylvestris, Cupressus funebris, Larix gmelinii, Cunninghamia lanceolata, etc. The wood
used by them was rather miscellaneous, which may be related to the renovation projects in
different years. According to the different load-bearing nature and position of the
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components, the species configuration of the South-Three Courts not only considered the
strength requirements of the main building structural materials, but also considered as
much as possible to reduce the load of other wood components on the main components.

o 3% 35

@ Pinus koraiensis

B Finus sylvesirs

O Cunninghamia lanceoclata
OAbies fabri

B Larix gmelinii

O Picea asperata

B Cupressus funebris

m Other hard pine

Fig. 5. The proportion of each species to the overall number of components sampled

Analysis of the Material Mechanical Decay of Wood Components and
Correlation with the Color of Wood

Figure 6 shows the change curves of bending performance at different parts of the
same component. The position of the sample is numbered from the innermost layer. The
smaller label is close to the innermost layer, and the larger label is close to the surface. Fig.
7 shows the variation curves of hardness of chord surface.
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Fig. 6. Bending property of different positions of component

It can be seen from Figs. 6 and 7 that the bending strength of beam components and
beam components and the elastic modulus of beam members almost all show the same rule
from the innermost layer to the outermost layer. The rule is that the innermost and
outermost layers are smaller and the middle layer is larger. The reason for the lower flexural
strength and modulus of the outermost layer of wood is that the wood components have
been severely weathered after long-term service, the surface is dark black, and the wood
degradation is more serious. The innermost layer is lower because it is close to the medulla,
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and its material is lower than that of sapwood. The higher innermost elastic modulus of
beam members may be due to the variability of the wood material. The elastic modulus of
the surface layer of the old material has a larger attenuation range than that of the new
material, and the beam components and Fang components are reduced by 20.4% and 28.4%
respectively. The flexural strength has been improved compared with the new red pine
material, and the flexural strengths of beams and Fang have increased by 20.4% and 3.3%
respectively. The old wood components use mature red pine wood with a long growth
cycle, while the new material uses thinned wood. There are certain differences in the wood
materials of different growth years. The old wood components experience long-term
service, and the surface layer is prone to be more serious. Due to the weathering, the inner
wood is susceptible to fungal erosion (Liu et al. 2009; Zhao et al. 2021), and it is mostly
manifested as an old color. The average hardness of beams and beams is close to that of
the new red pine material, and the hardness cannot directly reflect the difference in the
properties of the new and old materials. The hardness of the inner and outer layers of beam
members is obviously different, and the hardness of the innermost layer of wood is
obviously higher than that of the surface layer. It shows that the material decay caused by
the combined action of weathering and fungi gradually weakens from the surface to the
inside. The difference in hardness between the inner and outer layers of the beam is small,
indicating that the materials of the inner and outer layers of the beam are similar, and the
sampled specimens have a lower degree of deterioration.

3000 —— Old beam components

2500 — & - = Old Fang components

2000 - @ = New red pine

1500

Hardness(N)

1000
500

Inner layer Intermediate layer Outer layer

Fig. 7. Hardness of different layers of components

In the correlation test between color and mechanical properties, all three groups of
old wood components showed the same pattern. The average values of the mechanical
properties and color difference of each layer for the old material of the pillar components,
for example, are shown in Table 1.

It can be seen from Table 1 that the color difference between the inner and outer
layers of the old material of the wooden column member is obvious. The chromatic
aberration of the inner layer of the wooden column is low, and the chromatic aberration of
the outer layer is higher. The mechanical properties of wood in areas with lower chromatic
aberration are obviously better than wood in areas with larger chromatic aberration. The
chromatic aberration can reflect the difference between the inner and outer layers of the
old material of the wooden pillar. In addition, on-site testing found that when the color
difference of the surface of the wooden column is more than 9, the wood in this area is
mostly bad and it usually needs to be replaced or taken necessary measures to repair and
strengthen.
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Table 1. Mechanical Properties and Color Difference of Each Layer of Aged
Pillar Component

Different Positions |Elastic Modulus E |Bending Strength o |Hardness H |Chromatic Aberration
of Components (GPa) (MPa) (N) AE
Inner layer 11.79 99.23 2560 6.15
Intermediate layer 9.88 93.34 2670 6.95
Outer layer 9.39 90.77 2360 8.98

Wood Pillar Ultrasonic Flaw Detection Analysis

To study the internal defects of the old wood components, healthy and new red pine
with artificial defects as the object of study for the ultrasonic flaw detection comparison
test were used to obtain the wave speed, propagation time, and waveform changes in the
law before the analysis of the old wood components. The ultrasonic propagation time and
velocity of new red pine with different artificial defects are shown in Table 2.

Table 2. Influence of Artificial Defects on Propagation Time and Wave Velocity

Set Code Dimensions (cm) T (us) V (km/s)
XD1 0.6 x5.3 49.95 1.80
DD1 25x5.3 52.05 1.73
DD2 25x3.2 51.45 1.75
DD3 25x1.6 50.35 1.79

DF 6.9 61.95 1.45
SF 7.0 63.75 141

When the hole depth was the same and the hole size was increased to 2.5, the
ultrasonic wave propagation time increased by 4.2% and the propagation speed decreased
by 3.9%. When the hole size was the same and the hole depth increased to 5.3, the
ultrasonic wave propagation time increased by 3.4% and the propagation speed decreased
by 3.4%. Compared with one crack, the ultrasonic wave propagation time increased by
2.9% and the propagation speed decreased by 2.8% when there were two cracks. This
showed that the propagation speed of ultrasonic waves was negatively correlated with the
number of cracks, aperture size, and depth, and the propagation time was positively
correlated with the number of cracks, aperture size, and depth. The typical ultrasonic
waveforms of healthy red pine new and red pine new with artificial defects (DD1) are
shown in Figs. 8 and 9. When there were large and deep holes and cracks in the interior,
the amplitude of the first wave of the ultrasonic became smaller, and the waveform law
changed. For the through holes and through cracks, the ultrasonic waveform was similar.
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T w0 T w0
o 200 o 2.0
3 oo T 0.0
= -20.0 = -20.0
2 -40.0 o -40.0
E -00.0 £ -60.0
< -80.0 < -80.0
378 818 1378 1878 2378 2878 3378 3818 100 600 1100 1600 2100 2600 3100 3600
Ultrasonic time (us) Ultrasonic time (ps)
Fig. 8. Ultrasonic waveform of healthy wood Fig. 9. Ultrasonic waveform of DD1
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Based on this rule, the waveform of the pillar root collected in the field (Fig. 10)
was analyzed, and it was found that the waveform was similar to that of the defective new
red pine. It was speculated that the root of the old material of the pillar component was
seriously rotten. The old wood components were also tested. It was speculated that there
were serious defects in Z1, Z2, Z3, Z4, and F1 components. Taking component Z1 as an
example, the typical waveform is shown in Fig. 11.

@ 60.0 m 60.0
Z w00 T 40.0
© 20.0 o 20.0
B oo 3 oo
£ 2.0 £ -20.0
B -40.0 2 -40.0
£ -60.0 £ w00 [
< -80.0 -80.0
844 1344 1844 2344 2844 3344 3844 4344 100 600 1100 1600 2100 2600 3100 3600
Ultrasonic time (ps) Ultrasonic time (ps)

Fig. 10. Ultrasonic waveform of the bottom of pillar Fig. 11. Ultrasonic waveform of Z1

Analysis of Infrared Spectral Characteristics of Wood Component Materials

The FTIR spectra of the old material and the new material of Korean pine for beam
components were analyzed, and the results are shown in Fig. 12. Sample 1 to sample 6
were taken from different parts of the beam, and transition from the out layer to the inner
layer, and the order of 1 to 6 was the transition from the surface layer to the inner layer.

Sample 1 was the outermost layer, and sample 6 was the innermost layer. Sample X was
taken from the new pine wood.

35%

Transmissivity(%)

-5%

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 12. Infrared spectrogram of old components and new red pine

It can be seen from Fig. 12 that after long-term weathering, the lignin, cellulose,
and hemicellulose on the surface of the wood had undergone significant changes. At the
same time, the difference in the inner layer of wood is not significant. The spectrum shape
of sample 1 at 1585 to 1220 cm™ and 940 to 835 cm™ was different from other samples,
indicating that the lignin and cellulose of sample 1 may have been severely damaged. The
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aromatic skeleton vibration peak near 1510 cm™ indicates that the lignin of sample 1 has
been severely damaged. This damage is not only reflected in the degradation of the number
of groups, but may also be reflected in the changes in the nature of the groups. The change
is irreversible. The absorption peak at 1425 cm™ comes from CH2 shear vibration,
indicating that the cellulose of sample 1 is also seriously damaged. Hemicellulose was also
degraded, which is mainly reflected in the stretching vibration of the C=0 group near
1730cm™. It is worth noting that not only the hemicellulose contains -OH groups, but the
moisture in the wood also contains -OH groups. Therefore, it is difficult to judge the change
of hemicellulose based only on the degradation of this group. And FTIR infrared
spectroscopy can only qualitatively analyze whether there is or whether there is serious
degradation. The degree of degradation cannot be quantitatively analyzed. In addition, in
the range of 2380 to 2310 cm, the waveforms of samples X, 1, 2, and 6 have been
significantly collapsed. At the same time, the waveforms of samples 3, 4, and 5 have not
been collapsed in the figure. However, the attribution of the absorption band in this region
is still unclear.

Test and Analysis of Shape and Position Deformation of Wood Components
The shape and position deformation of 95 pillars and 12 wood beams of the large
wood structure of each building unit in the South-Three Courts were tested. The unit offset

curve results of the pillars of each hall in the four courtyards are shown in Fig. 13.
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Fig. 13. Unit offset curves of the pillars of the four courtyards

As can be seen in Fig. 13, the four courtyards of each temple block pillar unit offset
degree were within + 40 mm, which accounted for about 92% of the pillar unit offset degree
within £ 20 mm. The unit deviation degree was the deviation displacement from the
hanging vertical line within a 1.2 m length range. It reflects that due to factors such as static
roof load, environmental temperature and humidity, and wood activity degradation, the
pillar was prone to a certain degree of shape and position shift during long-term service.
When the building was in the range of = 100 mm, the offset of the pillar had little effect on
the structure and structural components and could be ignored. The height of the South-
Three Courts was smaller for the one-story building, and the building pillars were all large
wood components, the size was much larger than the calculated value of the structural
components, and the surplus was too large.

The results of the verticality curve on the surface of the pillars of the four courtyards
are shown in Fig. 14.
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Fig. 14. Surface verticality curve of the pillars of the four courtyards

As can be seen in Fig. 14, the surface verticality of the pillars of each entry hall
block was in the range of 84° to 90°, among which the pillars with surface verticality in the
range of 84° to 86° account for 13.68% of the total, and the pillars in the range of 84° to
85° account for 4.21% of the total. The surface verticality can reflect the local deformation
of the pillar. Theoretically, the surface of each pillar should be close to 90°, but the pillars
are often affected by structural construction, service cycle, environmental erosion, and
other factors, which easily lead to the phenomenon of large deviation of verticality on the
pillar surface. The verticality deviation of the front eaves pillar of the west matching hall
of the Second courtyard was relatively large, but it was within the safe range. It can be seen
that the local deformation of the pillars of each temple was small, and they were in a safe
range, and the pillars were relatively stable during service.

By using the laser indication offset method, the bending offset scale of the main
wood beams of the first, second, and third courtyards of the South-Three Courts was 0 mm,
including longitudinal beams, partition beams, and cross beams. The longitudinal and
transverse long and short beams did not appear to have bending or deflection, indicating
that the structure of each temple in the South-Three Courts as a whole or locally did not
appear laterally tilted. The mechanical redundancy of large timber components was large,
the foundation does not appear to have settlement, the protection measures for hundreds of
years were appropriate, the beam did not appear to have deflection, and the structural safety
can continue to serve in the structure.

CONCLUSIONS

1. A total of eight species or genera of wood were used in the South-Three Courts. The
main load-bearing wood components in the main hall, auxiliary hall, and ear room of
the South-Three Courts are mainly Pinus koraiensis, Pinus sylvestris, and Larix
gmelinii with high density and mechanical strength of the northern tree species. Among
them, the Pinus koraiensis species accounted for the highest proportion, accounting for
76% of the total component sampling number and Pinus sylvestris species accounted
for 9% of the total component sampling number.

2. The deterioration of the surface material properties of wood components is more
serious, mainly caused by weathering. The attenuation degree of the inner layer of the
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wood component is relatively low, and the color change of the wood is obvious, which
is mainly caused by fungi. Compared with the new red pine material, the elastic
modulus of the old red pine material has a larger attenuation range, and the average
bending strength and hardness have been improved.

3. Ultrasonic nondestructive testing technology can be used to detect the internal damage
of ancient wood components and can determine whether there are serious defects such
as decay and cracking. According to the results of ultrasonic nondestructive testing, it
is speculated that the internal defects of pillar components were serious, followed by
the Fang components, and the damage of the beam components was light.

4. After long-term weathering, the lignin and cellulose on the surface of the wood had
been severely damaged. This damage was not only reflected in the degradation of the
number of groups but may also be reflected in the changes in the nature of the groups,
and this change was irreversible. The main degradation in the FTIR spectra was the
aromatic skeleton vibration of lignin. The thickness of the lignin-depleted layer of
wood at the surface is estimated to be within 3 to 4 mm. From the FTIR spectroscopy,
only qualitative analysis can be performed on whether degradation has occurred, and
the degree of degradation cannot be quantitatively analyzed.

5. The South-Three Courts are one-story buildings with small height and large wood
pillars, which are much larger than the calculated values of structural components. In
addition, the protection measures for hundreds of years are appropriate, and the beam
does not appear to have deflection. The structural safety can continue to serve in the
structure.
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