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Damage performance of ancient masonry pagodas
under the vertical load

LU Junlong . LI Chuanli, HAN Xin, WANG Zhenshan
(School of Civil Engineering and Architecture; Xi'an University of Technology, Xi’an 710048, P. R. China)

Abstract: The failure mechanism of the ancient pagoda under compression was analyzed, based on the total
and partial deformation characteristics of the pagoda model structure, and the evolution of the damage was
calculated. Taking the first story of a pagoda as the prototype, three model specimens were generated by
the use of old bricks at different scales: the original brick, the 1/4 and 1/8 scaled model brick.
Compression tests were then carried out. The characteristics of the structural cracks developed during the
loading process were observed. Numerical simulation was carried out. structural load, displacements, and
strains were determined, and the stresses and failure modes of the three models were compared. The
compression failure mechanisms and characteristics of the damage variation of the models were analyzed.
The results indicate that the masonry failure of pagodas under compression occurs in three stages, the
initial cracking along the mortar joint, the expansion and extension of the cracks, and the running through
of the cracks. The cracking of the pagoda starts at the top four corners, gradually extends downwards, and
finally runs through the entire structure with the increase in loading. Small sections of brick columns
deformed, leading to structural failure owing to instability. In addition, horizontal deformation occurred
along both the inside and the outside of the pagoda wall, and some bricks were cracked. The initial damage
and stiffness of the model structure varied due to the different sizes of bricks. The cracking load and
ultimate strength decreased as the unit block size decreased, while the strain followed an inverse trend.
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1 Introduction

Masonry pagodas were mainly constructed in
China during the Tang Dynasty (A. D. 689 to
907). They are usually considered ancient high-rise
buildings, among which the famous pagodas in
China include the 84 m high Kaiyuan Temple
pagoda located in Dingzhou City, Hebei Province
and the 87 m high Chongwen pagoda in Jingyang
County, Shaanxi Province. The ancient masonry
pagodas were constructed of brick or stone blocks,
with glutinous rice mortar or loess mud. Because of
low mortar strength, the structures easily crack
under long periods of high pressure, and the
interiors become damaged. The stress results in
the masonry pagodas being weakened in their
bearing capacity or even in their collapse.
Therefore, for the safety assessment of ancient
pagoda structures, it is essential to analyze the
process by which the masonry gets damaged under
compression.

In the study of the compressive strength of brick
masonry, Shi et al.'" explored the effect of the
variation of the ratio of height to thickness. They
performed uniaxial, biaxial, and triaxial tests on clay
brick, mortar, and masonry specimens and analyzed
the failure criteria of masonry prisms. Several scholars
have studied the mechanical properties of various types
of masonry in terms of the mechanical properties, the
strength and form of the masonry mortar, and the

change in block form*?.

Useful application indices,
which provide valuable references for the calculation
and numerical simulation of masonry bearing capacity,
have been presented in the literature®'’. The
constitutive relationship of masonry is derived to
analyze the variation of the stress-strain relationship for
the intuitive description of the compressive strength,

which has significant value for theoretical research and

XEHS:2096-6717(2021)01-0164-12

practical applicationst'? "™,

Currently, the established
constitutive relationship of masonry is principally based
on the relationship during the experimental process.,
and two types of curve forms are identified, namely,

[16-18] Wang

the ascending type and the full curve type
et al. " presented a novel perspective for investigating
the failure process of masonry under pressure, based
on the damage mechanics and elastic brittleness theory,
and simulated the damage and cracking stages of
masonry structures under loading. Yang et al 2%
introduced damage mechanics in the analysis of the
pressure failure of masonry under uniaxial pressure.

In summary, studies concerning the
compressive strength of masonry structures mostly
analyzed the effect of masonry materials and
masonry block types based on the experimental
results. Owing to the low-strength masonry mortar
and high pressure stress at the bottom of the
pagoda, local damage occurs in cylindrical blocks.
Compared with ordinary masonry structures,
ancient pagoda masonry has unique characteristics
in terms of low strength in masonry and bond
form. Therefore, it is important to develop a model
of ancient brick pagodas for testing the compressive
strength and analyzing the failure mode and failure
mechanism. The model can provide reliable
references for the safety assessment of ancient
brick pagodas.

Based on the micromechanical damage model
of masonry, taking the first story of the Xuanzang
Xingjiao Temple as the

pagoda located in

prototype, three structural models constructed
with blocks of different sizes were tested. The
basic failure mode and characteristics of the ancient
masonry pagoda were determined from compression
test results, and the dependence of the initial defect
rate on the compression damage of the pagoda was

obtained. The stress-strain relationship of the
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block and the compression damage curve of the
pagoda were determined, providing the basis for
the safety evaluation of the ancient masonry
pagodas.

In this study, the compressive strength of the
bottom structure of ancient masonry pagodas is
investigated. Based on the damage theory, the
pressure test results show the failure mechanism
and the stress-strain relationship for brick models

of masonry pagodas.
2 Materials and methods

2.1 Pressure test

2.1.1 Test model

The Xuanzang pagoda of Xingjiao Temple
selected as the prototype structure is located in
Xi’an City, Shaanxi Province, China. The pagoda
is the resting place of the Buddhist relics of Master
Xuanzang of the Tang Dynasty, and is square in
plan. There is a room on the first floor and a stable
A five-floor
the pagoda body gets progressively

structure above the second floor.
building,
narrower with each floor. The pagoda has a height
of 21 m and a bottom edge of 5. 2 m. The
Xuanzang pagoda, shown in Fig. 1, was among the
first group of key cultural relics selected for
protection in China in 1961.

Taking the first story of the Xuanzang pagoda
as the prototype, a model scaled to 1/8 size was
designed and constructed. The model has a
quadrilateral shape with a side length of 0. 7 m.
The detailed design size is shown in Fig. 1.

Abandoned bricks gathered from old houses
demolished in the 1980s, and aged about 40 years
with dimensions of 240 mm X 115 mm X 53 mm
characterized by their regular appearance and
favorable quality were used in the models. As
shown in Fig. 2 (a), raw bricks were cut using the
cutting machine to produce the model brick with
ratios of 1/4 and 1/8. The size of the model brick
at a scale of 1/4 was 115 mm X 53 mm X 53 mm,
and the size of the brick scaled at 1/8 was 115 mmX<

53 mmX26 mm. To draw a comparative analysis of
the effect of initial defects caused by the mortar
joints on the failure modes and bearing capacity,
three models were generated in this test, which
were original bricks, 1/4 bricks, and 1/8 bricks.
Model 1 was made of original bricks, Model 2 was
made of 1/4 scaled bricks, Model 3 was made of
1/8 scaled bricks.

masonry mortar was 0. 8, and the concentration of

The water-lime ratio of the

glutinous rice paste was 5% (glutinous rice (g):
water (g) = 0. 05:1). The blocks are shown in
Fig. 2 (b). As shown in Fig. 2 (¢), the model was
built on a 700 mm X 700 mm steel plate with a
mortal joint size of 5 mm by the same skilled

worker. The constructed specimen model is shown

in Fig. 2 (.
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Fig. 2 Construction of the model

 model made of 1/8 model brick

2.1.2 Test program
A 5 000 kN electro-hydraulic servo press was
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employed for the model test. Preloading was
performed based on the displacement-loading mode
to eliminate the assembling gap between the sand
cushion and the bottom plate. A 10 kN preloading
force was applied to test the displacement gauge
and foil gauge performance during loading. When
the value in the displacement gauge started to
increase slowly with the loading, the preloading
was stopped. The loading was applied at a constant
speed of 0. 15 mm/min and was stopped when
instability occurred. During the test, the behavior
was noted, and the displacement meter readings at
different stages were read and recorded.

A vertical displacement meter was positioned
in the eastern and northern facades at a distance of
420 mm. Similarly, a horizontal displacement
meter was placed in the southern and western
facades at 530 mm, and a horizontal displacement
meter was set in the western and northern facades.
Horizontal and vertical resistance foil gauges were
fixed on the surfaces of the upper (about 5 cm from
the top (S3-1, S3-2, S3-3)), middle (about 30 cm
from the top (S2-1, S2-2, S2-3)), and lower
(about 5 cm from the bottom (S1-1, S1-2, S1-3))
bricks at the corners of the southern facade, as

shown in Fig. 3.

South facade

$3-1 $3-2 $3-3

Displacement meter

Fig.3 Foil gauge measuring points

2.2 Theoretical damage analysis

Ancient pagoda masonry mostly consists of
glutinous rice mortar and clay mortar with low
bonding strength, and cracks in masonry usually
occur along the masonry joints under the action of

external forces. Based on the analysis of the

pressure and tension deformation characteristics of
the brick masonry walls or column, the overall
stress form of the model, the failure of the ancient
pagoda under pressure can be simplified to the
meso-failure form illustrated in Fig. 4. The model
is divided into cylinders with the area equal to S;,
the height equal to the model height, where S; is
the equivalent area decided by the number of
cylinders. Respectively, the small cylinders are
connected through springs to illustrate the tension
forms of blocks (Fig. 4).

P
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Fig. 4 The masonry pressure meso-model of pagoda

TTRY

During the early stages of loading, the stress-

strain curve is expressed as a straight-line
relationship with a decreasing tensile stress, and it
is assumed that there is no damage in the springs,
and no failure occurs in the cylinders. With the
increase in load, the springs begin to break and
internal micro cracks appear while buckling starts
in the upper column, which is expressed as the
non-linear growth mode of the stress-strain curve.,
When the spring breakage increases to a certain
number of forms, the steady variation of crack
appearance in small cylinders gradually increases
randomly with the occurrence of instability. At this
point, the bearing capacity of the small cylinders
increases, while the overall compressive stress
decreases, with the stress-strain curve reaching the
ultimate bearing stress. Therefore, a mesoscopic
approach was adopted to describe the macroscopic
failure mechanism of ancient pagodas under
pressure.

Based on the theoretical analysis above,
ancient pagodas under pressure are damaged owing

to the failure of small prisms as a result of the
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gradually broken pagoda structure. From the
model diagram of the pagoda structure under
pressure with the mesoscopic conditions illustrated
in Fig. 4, the damage variation D can be described
by the classical damage mechanics theory proposed
by Rabotnov et al. "%,

_ Ao
A

where Ap is the area without bearing capacity

D (D

owing to failure, and A is the undamaged block
area. From Eq. (1), Ap=0 and D=0 means that
no damage occurs in the pagoda; Ap=A and D=1
indicates the damage to the ancient pagoda under
pressure. Therefore, the damage to the ancient
pagodas varies from 0 to 1.

The damage evolution equation of masonry
represented by a Weibull distribution function is
used to calculate the damage variation of pagodas
under pressure. The equation, with the convenient

reference to physical quantity and simple formula

form, is expressed as follows"*"?,
J— P a .
D=1 a+U—a)(e/ey)’ @)
a=<,p=1 (3)
N 1—a
E
7= Folen €]

Where a, b, and 7 are coefficients, € is the strain,
fw and €, are the limiting stress and corresponding
strain, respectively, and E is the modulus of
elasticity of the masonry.
2.3 Numerical simulation
2.3.1 Numerical model

Based on the size of the structure model, a
( FEM)
established with 10-node hexahedron elements. The

finite element method model  was
blocks and mortar are equivalent to a continuum
material the calculation parameters of which can be
defined based on the test results. The density of the
structure was selected as 2 100 kg/m’, and the
154, The

constitution law was adopted for the calculation

Poisson’s ratio was O. damage

using Eq. (5).

N n €
fm 1+ G—DE/e)TTV e, (5)

where ¢ is the compressive stress of the masonry, ¢ is
the compressive strain, 7 has a numerical value of
1.633. The f., and e, are decided based on the test
results of masonry blocks as Fig. 5 shows. And the f,,
can be defined as 5. 6 MPa, ¢, can be defined as 0. 04,

(a) The pressure test

Stress/MPa

—e— 1/4 brick test block 1
—&— 1/4 brick test block 2
—+—1/4 brick test block 3

0.02 0.04 0.06 0.08
Strain

(b ) Stress-strain curve of 1/4 brick test block

—e— 1/8 brick test block 1
—#— 1/8 brick test block 2
—e—1/8 brick test block 3

Stress/MPa

0.02 0.04 0.06
Strain

(¢ ) Stress-strain curve of 1/8 brick test block

Fig.5 The pressure test of masonry blocks

Based on the value of the parameters, Eq. (5)
can be expressed as

o 22862
1+ 2 559¢>%

2. 3.2 Numerical results

(6)

The calculation results of the equivalent plastic
strain are presented in Fig. 6. From Fig. 6, the
maximum strains match the experimental results of
the cracks in the models, which can be seen in Fig.
7. The numerical model captures the overall
deformation of the structure with reasonable
accuracy. The values around the hole and the
intersection of the tower and eaves are larger than
those of the other parts, indicating that the

sections crack easily.
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Fig. 7 Typical failure stages of the structure

3 Results and discussion

3.1 Failure phenomenon
The failure phenomenon of the ancient brick
characterized by

pagoda under pressure was

brittleness. Based on the failure phenomenon, the
cracking mode of the model is similar to the failure
characteristics. Three stages were identified for the
deformation characteristics of Model 3.

During the first stage, at 40% ~60% of the
ultimate load, cracks were generated at the initially
applied pressure, and the vertical cracks occurred
at the edge of the mortar. As the load approached
approximately 40% of the ultimate value, cracks
first appeared on the vertical mortar joints at the
corner of the pagoda top with small cracks in the
adjacent bricks, as shown in Fig. 7 (a). During
this period, cracking occurred in the brick interior
on the vertical mortar joints. and only the single
blocks were crushed under pressure. Under the
same load, the cracks extended spontaneously.

At 60%~80% of the ultimate loading, at the
crack expansion and extension stage, with the
increase in loading, the cracks were stretched
further with cracking sounds in the inner bricks.
At the same time, new cracks occurred randomly at
different positions in the bricks, with cracks
extending along the mortar joints. The expansion
and extension of the cracks increased in width and
length and led to the formation of significant cracks
in the later stage. With the continuous increase in
loading, the main cracks eventually contributed to
the formation of penetrating cracks. Some bricks
disintegrated, and staggered joints occurred at the
cracks of the structure, as shown in Fig. 7 (b).
During this period, new cracks randomly occurred

bricks,

downward expansion trends.

in the which presented upward and
The main cracks
penetrated with increasing crack width.

At 80% ~100% of the ultimate load, during
the failure stage of the penetrating cracks, the
main cracks penetrated all through, and the pagoda
structure was divided into several small brick
prisms. With the increase in loading, the width of
the main cracks expanded further, and staggered
layers appeared at the cracks on the bricks.

Moreover, due to the swelling deformation of the

pagoda, the test was completed with the failure of
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the model caused by instability and decreased
bearing capacity. Fig. 7 (c) presents the final
failure diagrams of the three models under loading.
During this period, no new cracks appeared, which
indicated the expansion and extension of the initial
and penetrating cracks as well as the increase in the
main crack widths. Consequently, instability
occurred as the model was divided into numerous
small prisms.

Regarding the three models, the failure mode
of the ancient brick pagodas is described as
follows. The cracks at the top edge and corner of
the pagoda expanded downwards to form a
penetrating crack with the increase in loading. In
addition, staggered layers occurred at the cracks
with a division into many small prisms, which
further led to the instability of the pagoda.

3.2 Structure deformation under load

The equivalent axial stress and strain of the

whole structure at different positions were
calculated by Eqgs. (7) and (8).
_ I
Gce - AE (7)
_ A
€e — HL (8)

where o.» . i1s the equivalent axial stress and
strain, Fy is the value of the pressure force, Ag is
the section area of the first floor of the model; A is
the total axial deformation of the first floor, H is
the total height of the first floor.

Then the stress-strain curve was determined,
as presented in Fig. 8. It can be seen from Fig. 8
that the slope of the curve shows an increasing
trend except for some short stages. The initial
compression shows the

stage of the model

compression and extrusion of internal gray joints.

When the

deformations under stress are small, and the slope

strain  increases rapidly,  the
of the curve is equally small. When the gray joint
is squeezed and compacted, the structure enters the
stage of joint force between the block and gray
joint. During this period, the slope of the curve

increases, and the stress-strain curve has a linear

growth trend. When the stress reaches the peak

value, the curve exhibits an upward convex form
until the model is damaged when the stress reaches
the maximum value. Afterward, the stress-strain

curve displays a downward trend.

== == Model 1
Model 2
= = = Model 3

2 4 6 8 10
Displacement/mm

Fig. 8 The overall load-displacement curve of the model

With the decrease in the block size, the peak

stress value of the stress-strain curve decreases,
These

trends indicate that the initial damage to the

and the ultimate strain value increases.

structure affects the decrease in the peak stress and
the increase in the corresponding peak strain of the
pagoda under compression. The slope of the curve
decreases with the increase in the initial damage,
suggesting that both the elastic modulus and the
structural stiffness of the tower decreases with the
increase in the initial damage to the ancient pagoda.

The results of the compressive strength of the
model under compression are presented in Table 1.
From Table 1, the ratio of the cracking load to the
ultimate load of the model ranges between 0. 4 and
0.6. The cracking load and ultimate load are
positively correlated with the block size, which
demonstrates that the ultimate bearing capacity of
the ancient masonry under compression is closely

related to the initial damage state of the structure.

Table 1 Test results of compressive strength

Po/ Pn/kN
Model Pu/Pn  fu/MPa
kN Experimental Simulation
No. 1 286. 3 521 533 0. 56 2.17
No. 2 218.5 475 488 0. 48 1. 98
No. 3 175. 6 439 417 0. 40 1.83

Load-displacement curves were determined for
the three models under different loads, as displayed
in Fig. 9. It can be observed from Fig. 9 that at the
initial stage of the model compression, the main

deformation of the tower body is vertical. When
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the load enters the initial crack generation stage,
the horizontal and transverse deformation of the
tower begins to increase. The model changes from
compression deformation to horizontal tension and
When the model
finally fails, the horizontal deformation of the
followed by the

transverse and vertical deformation.

outward bulging deformation.

model becomes the largest,
Due to the low strength of the glutinous rice
mortar used in the model, the compressive bearing

capacity of the mortar at the mortar joints was low

during the initial compression stage, which
demonstrated compression and extrusion
phenomena. When cracks were formed., micro

cracks appeared on the block leading to the
complex stress state; the tensile stress continued to

increase with the load.

The horizontal deformation of the tower also

increases with crack width and depth. It is clear
from Fig. 9 that the deformations in different
directions of the pagoda vary with block size. The
vertical and horizontal deformations of the tower
increase with the decrease in the block size, which
indicates that the changes in the compressive
failure of the ancient brick pagoda are related to the
initial damage forms of the tower.

The displacement variations of the three test
models in three directions were analyzed. With the
increasing load, the transverse displacement of the
pagoda increased gradually, showing the outward
The
displacement of the pagoda was higher than its

expansion

phenomenon. horizontal

vertical ~ displacement, that  the

indicating
transverse deformation of the pagoda was larger
than its vertical deformation, and the bulging

phenomenon of the tower was apparent.
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Fig.9 Load-displacement curves

3.3 Block Strain

The load-strain curves of the blocks are drawn

from the test results of the strain gauges on the

brick surfaces, and the deformation characteristics
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of the block are analyzed, as depicted in Fig. 10.
At the initial stage of loading, the increase in the
compressive strain is large, and the change in the
tensile strain is small, indicating that compressive
deformation is dominant during the initial stage of

compression. The model presents the form of

overall compression at this stage. When the load
reaches approximately 60% of the ultimate load.,
the tensile deformation of the brick at the model
top starts to increase, which increases with the
load. The tensile deformation of the block begins

to extend to the lower part of the tower.

100 200 300 400 500 600

-20 0 20 40 60 80

=50 50 150 250 350

Strain/10-¢ Strain/107 Strain/10-¢
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500 500
400 --"~ - 400
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Fig. 10 Partial block load-strain curve

As the model was not uniformly compressed
under the effect of non-uniform filling of the
vertical mortar joints, there were several stress
states between the gray joints and the block.
Because low-strength glutinous rice mortar was
used as the masonry material, the strength
behavior of the brick and mortar were quite
different. When the vertical gray joints were filled,
the model was not uniformly compressed. After
compression failure of the mortar occurred at the
joints, transverse deformation started in the
interior, which resulted in transverse tensile
deformation of the bricks in the model.

The strain deformations of the blocks at
different parts in the three models shown in Fig. 9
can be described as follows. The horizontal brick

strain of Model 1 increases from top to bottom with

the increase in load, and there is an increase in

tension of the brick at the tower top. With the
increase in load, the tensile strain increases at the
middle and bottom of the tower. In Model 2, with
the posted strain gauges. The results show that
when the tensile strain increases in the upper and
middle parts of the tower, the load is the same and
extends to the lower part of the tower. The
horizontal deformation of the brick in Model 3
varies slightly with the increase in the load. This
slight variation shows that when the tower is
damaged under compression, the internal block is
more susceptible to damage with the increase in the
initial damage, and the up-down elongation rate at
which cracking occurs becomes more rapid.
Moreover, a comparison of the relationship
between the block strain and the load (Fig. 10)
shows that the block strain variation is consistent

with the test results. When the masonry pagoda is
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compressed, the stress amplitude value of the block
around the edges gradually increases with the load,
and the stress increases sharply when the ultimate
bearing capacity is reached. The simulation value is
less than the measured test value. Because of the
significant difference in mechanical properties
between the mortar and block, the bond and
contact relationship existing between the blocks is
complex. After compression occurs, the mortar
cracked, and the stress

which

increases the relative deformation between blocks.

area 1is partially

concentration occurs around the block,

The continuous approach is used in the numerical
simulation. Neglecting the effect of the factor, the
calculation value of the block strain is less than the

test value.
3.4 Damage analysis

From the compression experiment, the
equivalent stress and strain of the structure and
some blocks were calculated, and the compression
failure mechanism of the pagoda masonry was
analyzed. The ancient pagoda is composed of two
different materials: low-strength mortar and
block. The structure had low tensile strength.
Because insufficient ash joints were used in building
the structure, there were several stress states at
the ash joints under compression, which resulted in
the vertical compressive and transverse tensile
stresses of the bricks. When the tensile strain
induced by the vertical compression exceeded its
ultimate value, parallel loading cracks occurred in
the inner part of the block. The transverse tensile
stress of the mortar increases with the increase in
load. Then, the cracks in the inner part of the
block extend faster.

The  damage curves of the three
modelspresented in Fig. 11 are calculated using Eq.
(2) based on the pressure test results of blocks. As
shown in Fig. 11, three damage curves vary rapidly
with the increase of strain, and the structure is
severely damaged when e=(0. 1:1. 5)e,,; however,

the damage curves change slowly afterward. In

addition, under the influence of the initial damage.
the damaged slope of Model 3 under compression is
higher, the damage speed is high, the crack
penetration speed under compression is faster, and
the model is more easily damaged under
compression. These observations signify that the
damage speed of the brick pagoda is positively
correlated with the initial damage state of the

structure.

024 = = = Model 1
— — Model 2
Model 3

1 2 3 4 5 6
ele,

Fig. 11 Pressure damage curves of the models

4 Conclusions

Three 1/8 scaled models of the first story of
Xuanzang pagoda were built using 1, 1/4, and 1/8
scaled original black, and compression tests were
performed. The conclusions are presented in the
following paragraphs.

Ancient masonry pagodas are brittle under
compression. The failure process can be classified
into three stages: crack of gray joints, crack
propagation and elongation and crack transfixion.
The compressive failure mode of the ancient
masonry pagoda is influenced by the cross-sectional
areas of the eaves and the tower structure. During
the compressive failure of the ancient masonry
pagoda, cracks appear in the block at the top
corner of the tower body and extend downwards
along the vertical gray cracks, forming penetrating
cracks. The tower body is divided into several
small prisms, resulting in the instability and failure
of the tower structure,

The ratio of the cracking load to the ultimate
load of the ancient masonry pagoda ranges between
0.4 and 0. 6 from the axial equivalent stress and

strain of the entire structure. The ultimate bearing
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capacity of the ancient masonry pagoda is positively
correlated with the initial damage to the model.
Before the load generates crack propagation and
elongation, the model is dominated by vertical

followed by the

tension

compression  deformation,

appearance of outward and bulging
deformation of the tower structure.

From the load-strain relationship of the
internal blocks of the structure, the initial stage of
compression of the ancient masonry pagoda is
characterized by the compression deformation of

the blocks.

propagation and elongation stage, the tensile strain

When the load enters the crack

on the blocks increases. With the increase in load,
the tensile strain on the blocks increases from top
to bottom. The damage change to the ancient
masonry pagoda under compression is most
significant when the equivalent strain reaches a
particular value. Cracks in the tower body develop
tower structure is

rapidly and the severely

damaged. The damage speed of the ancient
masonry pagoda is positively correlated with the

initial damage state of the pagoda tower.
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