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Finite element analysis of the Taizhou Water Station Site
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Abstract: The Taizhou Water Station Site is an ancient
masonry structure ruin built in the Southern Song Dynasty.
The main structure was severely damaged.
understand its current structural properties and provide a

In order to

scientific basis for protection design, nonlinear finite element
analysis and parameter analysis are carried out. The crack
patterns, deformations and stresses of the main structure under
four load cases are analyzed by nonlinear finite element
analysis, and the effect of the backfill bulk density and
modulus on the maximum principal tensile stress and
stress are studied by parameter
analysis. The results show that the most unfavorable condition
for the foundation is the combination of weight + backfill soil
pressure + additional load; the most unfavorable load case to
the main structure is weight + backfill soil pressure + water
pressure + additional heap load; the maximum principal tensile
stress of the main structure is very sensitive to the changes in
the bulk density of the backfill soil.
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maximum compressive

he Taizhou Water Station was built in the Southern

Song Dynasty (1127—1279) in China. It was a
half-underground masonry structure and the function was
to vessel traffic for the south gate of the ancient Taizhou
City. The ruin was discovered in 2009 and was consid-
ered to be very valuable in studying the history of the
ancient city of China. It was approved as a municipal her-
itage conservation unit in 2010.

Some researchers have done site testing and the finite
element analysis (FEA) on several types of ancient ma-
sonry structures such as tower, tomb, etc” ™, Zhang and
Xi'"! carried out a stability analysis of the ancient wall of
Pingyao City by ANSYS. Lei et al. "* also did reinforce-
ment technique researches on Pingyao ancient city wall.
Yang and Chen"™ did some discussion on the mainte-
nance and strengthening of the Nanjing city wall. Liang"”
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studied the protection and strengthening techniques of the
Tower of Niya Site in Xinjiang. Deng'” did some securi-
ty analysis and reinforcement research on the ancient
brick-and-clay city gate structure in Nanjing. Jing et
al. """ did safety analysis of Shangfang Tumulus in Nan-
jing by ANSYS. Some foreign scholars also did some re-
searches on ancient brick architecture by finite element a-
(7190 But the research concerning the water station
site has seldom been analyzed. The load case of a water

nalysis

station site is more complicated because the load cases are
combined with self weight, backfill soil pressure, water
pressure, and additional heap load, etc.

The length of the Taizhou Water Station Site is 28. 6
m, and the width is 14. 15 m. It has been found locally
collapsed and severely damaged,
risks, as shown in Fig. 1. In order to understand the true
state of the structure and its material properties, and to
provide a scientific basis for protection design,
works on detection, identification and finite element anal-

so there are security

some

ysis are carried out.

(a) (b)

Fig.1 Present view of the Taizhou Water Station Site. (a) In-
side view; (b) Outside view

1 Detection and Identification

We select three seriously weathered and fracture posi-
tions on the wall, and conduct the field test to the bricks
and mortar with non-destructive testing methods ( see Fig.
2). The test results show that the strength level of the
bricks is about 7. 5 to 10 MPa, and the compressive
strength of the mortar is about 0.8 to 1.3 MPa.

The wall integrity of both sides of the gate arch is rela-
tively good, but the wings of the walls have a larger
range of collapse (see Fig. 1 (b)). The appearance of
bricks shows a mild form of weathering, breakage, and
local rammed earth scouring. There is a very obvious
hole in the east part of a wall with the size of about 1.9
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m in height, 1 m in width and 0. 95 m in depth (see Fig.
2). There is also a very obvious hole in the west part of
the wall with the size of about 0.3 m in height, 0.4 m in
width and 0.5 m in depth. Fig. 2 to Fig. 4 show the pres-
ent condition of the wall holes,
damaged foundation, respectively.

weathered bricks and

Fig.4 Damaged foundation

2 FEA Model

In order to obtain better insight into the hidden security
risks, the ANSYS™ software is used to do nonlinear fi-
nite element numerical simulation analysis on the main
structure, mainly studying stress characteristics and secur-
ity of the main structure under load case combinations
such as backfill, flooding, additional heaped load, etc.

1) Simplification and assumptions

The main structure of the Taizhou Water Station Site is
made of bricks, stones, and rammed earth composite ma-
terials. It is very complex and seriously damaged with
poor integrity. So we assume that the main holes in the
walls have already been repaired. The wall brick is sim-
plified as an isotropic continuous homogeneous material.
Geometric dimensions are modeled with practical mapping
size, and internal dimensions are modeled according to
the survey results. Because it is similar to biaxial symme-
try, we take 1/4 part of the whole main structure to es-
tablish the FEA model.

2) Parameter values

Considering the test data, the geological survey report
and masonry specification, in accordance with the princi-
ple of partial conservative value'”, the parameter values
of FEA models are as follows: (1) The density, the elastic
modulus, the Poisson ratio, the compressive and tensile
strengths of wall brick are 2 200 kg/ m’, 1 112 MPa,
0.2, 0.8 MPa and 0. 06 MPa, respectively. 2 The den-
sity, the elastic modulus, the Poisson ratio, the cohe-
sion, the internal friction angle of backfill soil are 1 900
kg/ m’, 20 MPa, 0.35, 10 kPa and 20°, respectively;
3 The density, the elastic modulus, the Poisson ratio of
undisturbed soil are 1 900 kg/ m’, 40 MPa, 0. 35, re-
spectively; (4) Water pressures ( including the lateral pres-
sure and buoyancy) are directly applied to the main struc-
ture as surface loads; (5) The additional heap load on the
backfill soil is 5 kPa.

3) Element and meshing

Commercial finite element software ANSYS™ (version
13.0) is used to establish a solid model, and then it is
meshed. The finite element mesh is shown in Fig. 5. The
element types are Solid45 (modeling the backfill soil and
undisturbed soil, using the Drucker-Prager constitutive
model) and Solid65 (modeling the main structure, using
the William-Warnke failure criterion, considering crack-
ing and crushing). The element size is about 0.5 m. The
number of elements is approximately 2.1 x 10*.

(a) (b)

(¢) (d)

Fig.5 FEA model. (a) Whole model; (b) Main structure; (c)
Backfill soil; (c¢) Undisturbed soil

3 Analysis Type

3.1 Nonlinear analysis

Nonlinear analysis is carried out to study the crack pat-
tern, deformation, the stress of the main structure, and
the stress of foundation under the combined effect of four
load cases, including: 1) Weight + backfill soil pressure.
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This case mainly simulates overburdened backfill soil. 2)
Weight + backfill soil pressure + water pressure. This case
mainly simulates the situation about the combination of
adverse conditions after overburdened backfill soil due to
the high water level, and backfill drainage due to poor
permeability etc. 3) Weight + backfill soil pressure + ad-
ditional loading. This case mainly simulates adverse con-
ditions such as loads of outbuildings, construction of tem-
porary heap load after overburdening of backfill soil. 4)
Weight + backfill soil pressure + water pressure + addi-
tional heap load. This case mainly simulates adverse con-
ditions considering the combined influences of 2) and 3).

3.2 Parameter analysis

The material of the main structural model is considered
as linear elastic material, and then analysis is carried out
to study the impact of such factors as backfill bulk density
and elastic modulus on the maximum principal tensile

stress and maximum principal compressive stress of the
main structure.

4 Analysis Results

4.1 Nonlinear analysis results

The FEA analysis results of all the load cases are
shown in Fig. 6 to Fig.9. According to the results of the
four load cases, the most unfavorable load case to the
foundation is load case 3 (weight + backfill soil pressure
+ additional heap load). It causes the base pressure to be
slightly larger than the bearing capacity of the foundation.
It also causes some cracks to occur at the end part of the
wall, as shown in Fig. 8. The base pressures caused by
the other three load cases are less than the bearing capaci-
ty of foundation, but the surpluses are insufficient, as
shown in Fig. 6, Fig.7, and Fig.9.
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Fig.6 Result of load case 1. (a) Cracks (lateral view); (b) S3; (c) Base S3
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Fig.7 Result of load case 2. (a) Cracks (lateral view); (b) S3; (c) Base S3
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Fig.8 Result of load case 3. (a) Cracks (lateral view); (b) S3; (c) Base S3
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Fig.9 Result of load case 4. (a) Cracks (lateral view); (b) S3; (c) Base S3

The most unfavorable load case to the main structure is
load case 4 (weight + backfill pressure + water pressure +
additional heap load). It causes that many cracks occur at
the end part of the wall, as shown in Fig. 9.

In all the load cases, the main structure does not appear
as a crushing sign, and the principal compressive stress
has a large amount of surplus. The lateral displacement of
the main structure is also small; namely, the main struc-
ture has a high overall stability.

4.2 Parameter analysis results

The relationships between the principal stress and the
backfill density, and the relationships between the princi-
pal stress and the elastic modulus are shown in Fig. 10(a)
and Fig. 10(b), respectively. The maximum first princi-
pal stress is defined as S1Max and the maximum third
principal stress is defined as S3Max.

S1Max and the backfill bulk density show a nearly lin-
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Fig.10 Parameter analysis results. (a) Slmax and S3Max vs.
backfill density; (b) S1Max and S3Max vs. backfill elastic modulus

ear growth relationship (see Fig. 10(a)). When the bulk
density increases from 14 to 19 kN/ m’, SIMax is in-
creased by 62% . It shows that S1Max is very sensitive to
the changes in the backfill bulk density. S3Max and the
backfill bulk density show a nonlinear growth ( see Fig. 10
(b)). When the bulk density is between 14 and 17 kN/
m’, small changes occur in S3Max. When the bulk den-
sity increases from 17 to 19 kN/ m’, S3Max is increased
by 14% . S1Max and the backfill elastic modulus show a
nonlinear reduction relationship ( see Fig.10 (b)).
S1Max is decreased 31% when the elastic modulus in-
creases from 5 to 30 MPa. S3Max and the backfill elastic
modulus also show a nonlinear reduction relationship ( see
Fig. 10(b)). When the elastic modulus increases from 5
to 30 MPa, S3Max is decreased by 23% . Therefore,
S1Max and S3Max are quite sensitive to the changes in
the elastic modulus of the backfill soil.

5 Conclusions

Based on the above site testing and FEA analysis re-
sults, the following conclusions and recommendations can
be presented:

1) Effective measures should be taken to strengthen the
base ground and improve the bearing capacity of the foun-
dation.

2) Serious damage in the main structure of the Taizhou
Water Station Site such as cracks or holes should be re-
paired with methods such as grouting.

3) After repair, the waterproof layer and drainage sys-
tem should be prepared carefully. Reliable measures
should be taken to reduce the soil pressure on the crack-
prone parts. The backfill soil should have good permea-
bility and its bulk density should be small.

4) Additional load should be avoided being delivered
directly to the main structure. If unavoidable, lightweight
materials should be selected, and technical measures
should be taken to make the load evenly delivered to the
original main structure, to avoid severe local uneven
load. The construction load should be strictly controlled
in the repair and strengthening construction.

5) A regular inspection system should be established,
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and the long-term deformation and subsidence of the main 112(6):34 —38. (in Chinese)
structure should be monitored. [6] Deng Chunyan. The security analysis and reinforcement
research of ancient brick-and-clay city gate structure [ D].
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