kT buildings

Article

Experimental Study on Vertical Bearing and Deformation
Characteristics of Qiantang River Ancient Seawall

Qiang Chen !, Xiaobin Tu !, Yongcheng Lv 1, Wei Liu 2 and Li Shi 3*

check for
updates

Citation: Chen, Q.; Tu, X.; Lv, Y;; Liu,
W.; Shi, L. Experimental Study on
Vertical Bearing and Deformation
Characteristics of Qiantang River
Ancient Seawall. Buildings 2023, 13,
2788. https://doi.org/10.3390/
buildings13112788

Academic Editor: Humberto Varum

Received: 5 September 2023
Revised: 28 October 2023
Accepted: 1 November 2023
Published: 6 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Huadong Engineering Corporation Limited, Hangzhou 310005, China; chen_q2@hdec.com (Q.C.);
tu_xb@hdec.com (X.T.); Iv_yc3@hdec.com (Y.L.)

Harbor, Coastal and Offshore Engineering, Hohai University, Xikang Road Campus, Nanjing 210024, China;
1e02507199130@outlook.com

College of Civil Engineering, Zhejiang University of Technology, Pingfeng Campus, Hangzhou 310012, China
Correspondence: lishi@zjut.edu.cn

Abstract: Situated on the northern bank of the Qiantang River estuary, the ancient seawall serves
not only as a national cultural relic but also as an active agent in flood and tide prevention. This
seawall features a trapezoidal cross-section and is constructed with layered stone blocks and a sticky
rice mortar. To investigate the load-bearing and deformation attributes of this ancient structure,
a scaled-down specimen with a ratio of 1:4 was created. Monotonic and cyclic vertical loadings
were then applied to the wall’s top surface. During these loading procedures, measurements of the
loading force, seawall displacement, and front and side deformation fields were taken. Experimental
findings reveal that the seawall tends to lean towards the soil-retaining side under vertical loading.
After ten loading cycles, the vertical rigidity of the wall was reduced by 10%. Upon application of
a uniformly distributed vertical load of 1.6 MPa at the top of the wall, significant cracks began to
materialize in the blocks at the base of the seawall. When the loading at the top increased to 2 MPa,
a vertical crack that cut through the mortar layer at the wall’s center was observed. By comparing
it to a three-dimensional finite element model, the load-bearing and deformation characteristics
of the ancient seawall observed in the experiments were confirmed, which could contribute to the
scientifically informed conservation and protection of the seawall.
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1. Introduction

The Qiantang River ancient seawall, situated on the northern bank of the Qiantang
River estuary in Hangzhou, Zhejiang Province (Figure 1a), functions as both a national cul-
tural relic and a flood and tide mitigator. Constructed during the Ming dynasty (i.e., about
14th century), this seawall comprises layered masonry of slab stones and sticky rice mortar.
Its cross-section, which is trapezoidal, consists of 17 stone layers, each decreasing in width
from bottom to top. The Qiantang River estuary belongs to the subtropical monsoon climate
zone, which is characterized by distinct four seasons. The river estuary experiences an irreg-
ular, semi-diurnal tidal flow with two high and low tides per day. According to hydrology
statistics, the multi-year average highest tidal level is 6.06 m; the average high tide level
is 4.03 m; the average tidal level is 2.45 m. Owing to its unique trumpet-shaped estuary,
the tide bore formed at the Qiantang River estuary is characterized by a high propagation
speed (up to 6 m/s) and a large tidal bore height (up to 3.5 m) (Figure 1b). Subjected to the
cyclic impact of the river’s forceful tidal bore, the seawall has been destroyed and rebuilt
about 20 times in its long history from the 14th to 20th centuries (i.e., covering the Ming
and Qing dynasty of China) since its construction, which indicates that the estimated return
period for this construction is around 35 years.
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Figure 1. Qiantang River ancient seawall: (a) Qiantang River estuary and ancient seawall; (b) surging
tide impacting the ancient seawall.

Currently, the seawall has shown structural vulnerabilities, such as cracking in the sea-
wall body and erosion of the foundation (Figure 1a). These damages threaten the structural
safety and load-bearing stability of the cultural relic. Thus, it is essential to conduct experi-
mental investigations on the seawall’s load-bearing and deformation behaviors, which can
better inform strategies for preserving this significant masonry structure.

The current research on the load-bearing and deformation characteristics of brick and
stone masonry structures primarily focuses on structures with uniform cross-sectional
properties. Najafgholipour et al. [1] studied the deformation of these structures under
coupled in-plane and out-of-plane loads, while Addessi et al. [2] explored the response
and damage characteristics under seismic loads, using both a shaking table and nonlinear
finite element simulations. Pereira et al. [3] and Wang [4] analyzed the in-plane loading
deformation characteristics and the influence of mortar joint technology on the retrofit
of the ancient seawall, respectively, through experiments and numerical simulations. For
unreinforced structures, Wilding [5] studied the impacts of load history on in-plane force-
displacement response characteristics. Other researchers, like Taesung et al. [6], Abul Hasnat [7],
and Gatta et al. [8], have utilized numerical simulations and theoretical analysis to understand
the cyclic shaking, in-plane static deformation characteristics, and the nonlinear static and
dynamic response of walls. Wilding et al. [9] proposed a theoretical formula for the shear
modulus to elastic modulus ratio and explored its influence on the deformation of walls. While
these studies have provided valuable insights, they have primarily concentrated on structures
with uniform cross-sections. The Qiantang River ancient seawall, however, being a trapezoidal-
sectioned stone masonry structure, has markedly different stress-deformation responses.

The cultural relics prohibits the direct mechanical testing on the original structure.
Most existing research, therefore, relies on numerical simulations or experimental testing
to study the stress and deformation characteristics of masonry structures of cultural relics.
Due to the efficiency of modeling the complex geometry and nonlinear material behaviors
that are intrinsic to masonry structure, the finite element method is commonly adopted.
Ideally speaking, the masonry element (e.g., piers and spandrels) should be discretized by
finite elements, respectively, for the brick/block units and mortar joints, which leads to the
so-called micro-modeling approach [10,11]. When the mortar joint (of physical thickness)
is modeled by a zero-thickness interface element, the so-called simplified micro-modeling
approach is arrived [12]. Both the micro- and simplified micro-modeling approaches
require refined finite element mesh, which causes a heavy computation burden. As an
alternative, a macro-modeling approach was proposed in the literature [13,14], where a
single element based on springs is used to model the entire masonry element. To overcome
the common limitation of microelements in modeling the out-of-plane behavior of masonry
structures, Vanin et al. [15] extended the 2D microelement to the 3D version, which was



Buildings 2023, 13, 2788

30f25

successfully used in modeling unreinforced masonry buildings. The usefulness of a 3D
microelement has been demonstrated in the literature, particularly for seismic loading
conditions [16-19], which inevitably invoke the coupling of in-plane and out-of-plane
behaviors of masonry structures. Through reduced-scale specimen tests, Osmanovic and
Hrasnica [20] compared seismic responses and damage levels under different structural
forms of wall. Kheyroddin et al. [21], Bocca et al. [22], Peng et al. [23], and Chen et al. [24]
focused on strengthening measures, such as the use of fiber-reinforced polymers, desiccant
repair mortars, ultra-high-performance concrete (UHPC), and oyster shell ash mortar.
However, the distinct nature of ancient walls in terms of structure, building materials,
and service environment warrants specific research, i.e., the research outcomes from other
masonry structures may not be directly applicable to the Qiantang River ancient seawall.

The Qiantang River ancient seawall, facing the impact of tidal waves on its seaward
side and soil pressure on its embankment side, shares similarities with the retaining walls.
Most previous studies on retaining walls, such as stone walls [25,26], backfill soils [27],
and reinforced earth retaining walls [28], have focused on horizontal loads, including soil
pressure [29] and seismic forces [30]. Less attention has been given to vertical loads, such
as vehicle-induced pressure on the wall’s top [31]. In response to rising sea levels and
increasingly frequent storm surges due to global warming, the ancient Qiantang River
seawall is undergoing upgrade operations to increase its flood prevention standards. As
construction machinery and materials will inevitably exert vertical loads on the wall during
this process, urgent research into the vertical load-bearing and deformation traits of the
seawall is needed.

In this regard, a 1:4 scale specimen of the ancient Qiantang River seawall was constructed
for vertical monotonic, cyclic, and failure load testing. Servo actuators and laser displacement
sensors were used to record loading force and displacement, while particle image velocimetry
(PIV) captured the deformation field during loading. This analysis provided insights into
vertical loading deformation development, vertical stiffness cyclic attenuation law, and wall
vertical bearing failure characteristics of the ancient seawall. Such research results can provide
guidance for the upgrading and protection of the Qiantang River ancient seawall.

2. Engineering Background

The Qiantang River ancient seawall measures 5.4 m in height and has a base width
of 3.8 m. This wall comprises 17 layers of stones, arranged in a step-like fashion, with
each layer progressively receding from the bottom towards the top. The topmost layer
has a width of 1.44 m. The stones, each 0.32 m thick and 0.38 m wide, are assembled in
an interlocking pattern. These stones are bound together using sticky rice lime mortar, as
illustrated in Figure 2. The lengths of these stones range from 78 to 166 cm, thus creating a
periodic pattern approximately 3.8 m in length parallel to the embankment (Figure 2). To
adapt more effectively to the challenges presented by climate change, the Qiantang River
ancient seawall is currently under retrofit and upgrading. During this construction process,
the seawall may be subjected to vertical loads, such as embankment surcharge and vehicle
loads, as depicted in Figure 3. Consequently, it is important to understand the vertical
force-deformation characteristics of the ancient seawall.

Figure 2. Periodicity of construction structure of Qiantang River ancient seawall along the longitudi-
nal direction.
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Figure 3. Embankment load during the upgrading operations of Qiantang River ancient seawall.

3. Reduced-Scale Specimen Test
3.1. Reduced-Scale Specimen of the Ancient Seawall

A scaled-down specimen was created at a dimension ratio of 1:4, as shown in Figure 4.
The specimen features a trapezoidal cross-section in the transverse direction, composed
of 17 layers of stones that gradually reduce in width from the base to the crest (Figure 4a).
The longitudinal representation of the specimen encapsulates one cycle of the prototype
(Figure 4b). The base of the specimen spans 0.96 m, while the top measures 0.36 m. The
specimen stands at a height of 1.36 m, with a longitudinal length of 0.95 m. The specimen
was built using 371 stone blocks, each with cross-sectional dimensions of 950 mm x 800 mm.
However, there were 20 unique stone lengths. The sizes and quantities of each stone type
are detailed in Table 1, and the stone tags in Figure 4 correspond to the stone types in

Table 1.
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Figure 4. Dimensions of the reduced-scale specimen of ancient seawall: (a) lateral view; (b) front view.
Table 1. Dimensions of stone blocks for the reduced-scale specimen of ancient seawall.
Length . Length .
Stone Type (mm) Quantity Stone Type (mm) Quantity
o) 413 20 11 265 10
@) 390 37 (12) 260 10
) 360 10 (13) 255 37
@) 345 10 (14) 253 20
5) 333 20 (15) 249 30
(6) 320 30 (16) 245 10
@) 310 10 17) 230 10
(8) 305 37 (18) 213 20
©) 293 20 (19) 210 10
(10) 275 10 (20) 195 10
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3.2. Correspondence between Reduced-Scale Specimen and Full-Scale Seawall

The basic quantities chosen are the elastic modulus E, mass density p, and geometry
dimension L, with respective dimensions of [M][L] '[T] ™%, [M][L] >, and [L]. To facilitate
specimen construction, the materials for the specimen—Dboth stone and mortar—replicate those
of the original structure, only with the geometry dimension L scaled down by a factor of 1:4.
The correspondence between the specimen and the full-scale structure is presented in Table 2.

Table 2. Correspondence between the reduced-scale specimen and full-scale structure of the Qiantang
River ancient seawall.

Type Physical Quantity Dimension Scale Ratio
Length L 1:4
Geometric Parameters Displacement L 1.4
Area L2 1:16
Mechanical Parameters Surface Load MLIT? 11
Stiffness MLAT2 1:1

3.3. Stone Blocks

Figure 5 presents a core sample from the original stone blocks of the Qiantang River
ancient seawall, confirming their lithology as granite. Because the seawall is a protected
cultural relic, its original stone blocks could not be directly employed to construct the
reduced-scale specimen for this study. Instead, we adopted weathered granite stones in
constructing the specimen (as shown in Figure 6). Ultrasonic wave tests were conducted
on the rock samples from both the real structure and the specimen (refer to Figure 7) to
calculate their respective elastic modulus. These tests revealed that the elastic modulus of
the real stone blocks was 517.5 GPa, while the stones of the specimen measured at 506.7 GPa.
This 2% discrepancy suggests that the elastic properties of the stones of the reduced-scale
specimen and the full-scale structure were essentially equivalent.

Figure 6. Weathered granite blocks used in reduced-scale specimen construction.
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Figure 7. Ultrasonic testing on rock samples.

3.4. Rice Mortar

The original Qiantang River ancient seawall employed rice mortar as an adhesive,
which is made by mixing lime, rice paste, and water at a mass ratio of 20:1:14 [32]. Accord-
ingly, the reduced-scale specimen in this study also utilized rice mortar as the adhesive,
adhering to the same ratio as the prototype. The rice paste was prepared by combining rice
flour and water and boiling the mixture for two hours. Subsequently, the lime, rice paste,
and water were weighed according to the ratio and uniformly mixed to yield the required
rice mortar (refer to Figure 8). The total volume of rice mortar used in the experiment
amounted to approximately 23,000 cm?.

Figure 8. Laboratory preparation of sticky rice mortar.

3.5. Curing of Specimen

Upon the completion of the specimen, it was subjected to a ten-day curing process
while maintaining a constant temperature of 17 °C and humidity of 75%. During this
curing period, the mortar experienced progressive strength growth. To monitor the curing
process, dynamic tests were performed on the 3rd and 8th days. A hammer was employed
to apply vertical impacts to the wall, while a velocity sensor captured the wall’s vibration.
The excitation and sensor points were positioned at the third layer on both sides of the wall
(refer to Figure 9). The velocity sensor had a sampling frequency of 200 Hz, and a passband
from 1 to 80 Hz.



Buildings 2023, 13, 2788

7 of 25

Excitation
Point

[TT T T 11

/ Response

Excitatiol | Il [ J_I/Poill:l
Point |
T[]
_
T[]]I
|
T LT[ [[]
oy
T LT

(b)

Figure 9. Schematic diagram of excitation point and response point locations in dynamic testing of
the specimen (a) lateral view; (b) front view.

The vertical excitation force and vertical vibration velocity data were converted into
the frequency domain. Dividing these two yielded the frequency response function of the
ancient seawall (see Figure 10). Notably, the overlapping curves from the 3rd to 8th days
of curing suggest that the mortar had completed its hardening process, indicating the full
curing of the specimen.
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Figure 10. Frequency response function of the specimen.

3.6. Loading Device

A large-span loading system, independently developed by the Zhejiang University
of Technology, was employed for vertical loading, as shown in Figure 11. This system
comprises two electro-hydraulic servo actuators linked to rigid loading beams; the down-
ward displacement of the actuator pushes the beams, which provides a compressive load
to the specimen. The system automatically logs the loading force and displacement, with
a maximum force of 2000 kN and a displacement of 250 mm. The accuracy of the force
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measurement is 1% of the displayed value, while the displacement measurement accuracy
is 0.1% FS. To mitigate the rate effect of loading, the experiment was conducted at a slow
loading rate of 0.5 mm/min.

oading Beam

ctuato:
Distribution Beam
Bracket

Front Elevation i
- | .

(b)
Figure 11. Reduced-scale specimen test setup: (a) lateral view; (b) overall view.

A load distribution beam, fabricated from I-section steel with cross-section dimensions
of 250 mm X 350 mm, was positioned between the wall’s top and the loading beam,
ensuring uniformly distributed loads. When the center of the load distribution beam
was aligned with the center of gravity of the ancient seawall structure, it ensured axial
compression. To augment the stiffness of the load distribution beam, web plates were
periodically welded at 0.2 m intervals along the length. Given the unevenness of the top
surface of the wall due to construction errors, a thin layer of sand was spread between the
bottom of the distribution beam and the seawall’s top for leveling purposes.

3.7. Monitoring Devices

A laser displacement sensor was used to measure the vertical displacement at the
top of the seawall. As depicted in Figure 11b, the sensor was located directly under the
distribution beam. The laser sensor has a measuring range of 210 mm, an accuracy of
75 um, and an 8 Hz sampling frequency.

To track the deformation field of the front and side surfaces of the seawall, particle
image velocimetry (PIV) was utilized. PIV, a two-dimensional displacement measurement
technique based on image cross-correlation analysis, captures images at a high frequency
and extracts the deformation field via pixel-wise cross-correlation algorithms.

Figure 12 illustrates the placement of PIV cameras on the front and left sides of the wall.
Control points were marked on the wall surface for subsequent image processing. With a
5 Hz frequency, the front camera’s field of view covered an area of 38 cm x 80 cm, encom-
passing half the front surface of the wall, with an image resolution of 4912 x 3684 pixels.
The side camera’s field of view, covering an area of 100 cm x 100 cm, fully encompassed
the wall’s side surface, yielding an image resolution of 5496 x 3672 pixels.
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Figure 12. Schematic of particle image velocimetry (PIV) system.

3.8. Loading Scheme

To guide the loading parameters, we built a finite element model of the reduced-scale
specimen in ABAQUS. A displacement-controlled loading was applied to the top of the
numerical seawall. From the numerical modeling, the ultimate bearing capacity of the
seawall specimen was found as F,, = 1700 kN, which corresponds to a uniformly distributed
load of 4.4 MPa on the wall’s top. More details of the numerical simulation are given in
Appendix A.

Based on Fy, a loading scheme for the seawall specimen was established. This scheme
entailed preloading the wall to eliminate gaps between the loading apparatus and the
specimen, thereby ensuring complete contact between the loading beam, distribution beam,
and the wall’s top. When the loading device first touched the wall, the actuator load, F,
was approximately zero, with the corresponding displacement denoted as J.. This was
followed by monotonic loading, with the maximum load, F,, set to 30% of the ultimate
load (Fm = 0.3F, =450 kN), and the associated actuator displacement represented as ém.
Afterwards, displacement-controlled cyclic loading was performed for 10 cycles between
6c and 0, resulting in cyclical variations in the actuator load, F.. The final stage involved
monotonic loading until either the specimen failed or the load limit of the loading system
was reached. The maximum load and displacement in the final stage are denoted as F¢ and
¢, respectively.

The successive stages of loading are depicted in Figure 13. Given that the maximum
load during the monotonic loading stage (Fin) was maintained at only 30% of the ultimate
bearing capacity (Fy), it is reasonable to assume that the specimen remained within the
linear elastic stage (this is also confirmed by the numerical modeling in Appendix A), and
thus, did not influence the subsequent cyclic loading.

Cyclic loading in the test was included mainly for modeling the cyclic construction
loads (e.g., traffic loads) on the top of the seawall. However, over a long-term window
(i.e., exceeding 30 years), it has been observed that transportation conditions and hydrolog-
ical phenomena induced by urbanization and other factors (e.g., Feng et al. [33]) exhibit
inherent variability, such as tidal depths and river velocities (e.g., Dimitriadis et al. [34]),
through clustering mechanisms (specifically, the Hurst phenomenon and HK dynamics).
So, hydrological phenomena (e.g., tidal depths and river velocities) may play an equal
role as the construction loads in causing the stability and safety problems of the ancient
seawall. The clustering effect of the construction load and the hydrological load on the
seawall can be simulated as continuous cycles of varying magnitudes. Thus, the cyclic



Buildings 2023, 13, 2788

10 of 25

loading in the test can also have implications in revealing the clustering mechanisms of the
ancient seawall. Since the maximum load in the cyclic loading stage is Fr, (=0.3 Fy), the
normal service state for the Qiantang River ancient seawall under repetitive loads can be
represented in the laboratory. Based on the cyclic loading, the small-strain cyclic stiffness of
the specimen can be determined. Under the requirements of cultural heritage preservation,
the seawall should retain a small-strain state during tidal surges or construction cyclic
loads, without structural failure.

A
Fi ()
First
. Cycle
F,(,)
O — [ > ® > @
Preloading Monotonic Cyeclic Loading Failure Loading
oading
F.(6.) : >

Time
Figure 13. Schematic of vertical loading process for the seawall specimen.

The final failure loading stage provided crucial data on the ultimate bearing capacity
and deformation failure development pattern of the seawall, thereby serving as a bench-
mark for determining the maximum surcharge pressure on the wall’s top in practical
engineering applications.

4. Experimental Results and Analysis
4.1. Overall Situation

The loading process for the seawall specimen, corresponding to the previously de-
scribed loading scheme, is depicted in Figure 14. The distinct stages of preloading, mono-
tonic loading, cyclic loading, failure loading, and subsequent unloading are clearly marked
in the figure. It can be noted that during the preloading stage, the actuator output, F,
was approximately zero. The monotonic loading stage saw the actuator output increase
linearly until it reached a peak at Frn =~ 450 kN. The cyclic loading stage saw a reduction
in the peak actuator output, F, from 450 kN in the first cycle to 345 kN in the tenth cycle.
During the failure loading stage, the maximum actuator output reached 1800 kN, nearly
matching the maximum effective load capacity of the actuator (i.e., 2000 kN). Nonetheless,
the specimen did not display severe overall failure, such as extensive fracturing or collapse,
but only revealed localized damage, including mortar joint cracks and block stone fractures.
Unloading was initiated to protect the loading apparatus once the vertical load on the
actuator reached 1800 kN.
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Figure 14. Time-history curve of vertical load on the top of the seawall specimen.

The vertical displacement—time history curves of the actuator and the top of the speci-
men are presented in Figures 15 and 16, respectively. The loading beam and distribution
beam, which are located between the actuator and the wall’s top, would also deform under
the vertical load. Consequently, the maximum displacement of the actuator during the
experiment was 20 mm, while the corresponding maximum vertical displacement of the
wall’s top was merely 11.6 mm, resulting in a discrepancy of 8.4 mm.

) /\/vwvvv\/\/\/

0 T T g T T T T T T T
0 40 80 120 160 200

Actuator Displacement (mm)

Time (min)

Figure 15. Time-history curve of actuator displacement.
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Figure 16. Time-history curve of vertical displacement on the top of the seawall specimen.

The deformation of the ancient seawall during the vertical loading process can be
distinctly classified into three stages. The monotonic loading stage manifested no notable
alteration in the wall’s appearance, except for sporadic peeling of the surface layer of
mortar joints. During the cyclic loading stage, certain surface layers of mortar joints
exhibited peeling, along with the detachment of some mortar powder and the appearance
of cracks within the vertical mortar joints. In the initial phase of the failure loading
stage (i.e., the actuator displacement from +8 mm to +16 mm), minor vertical cracks
began to appear in some stones, while there was significant detachment of the mortar
powder. In the subsequent phase of the failure loading stage (i.e., the actuator displacement
from +16 mm to +20 mm), the cracks in the stones rapidly expanded, and more stones
started displaying vertical fracture cracks. Meanwhile, the cracks in the mortar joints
broadened, and compression noises emanated from within the wall. Figures 17-19 feature
representative photographs of the wall at each stage.

Figure 17. Photograph of the ancient seawall during monotonic loading stage (no observable failure
either in mortar joints or stones).
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o |

Figure 18. Photograph of the ancient seawall during cyclic loading stage.

Fractures in Mortar

Vertical crack in
stone blocks

Figure 19. Photograph of the ancient seawall during failure loading stage.

The force—displacement curve of the wall top throughout the loading process is de-
picted in Figure 20. It was observed that the peak loads during the monotonic and cyclic
loading stages approximately constituted 23% of the maximum load in the failure loading
stage. Additionally, throughout the failure loading stage, the load increased proportionately
with the displacement of the wall top, and the curve does not display a clear yield point.
The wall structure manifested several surface cracks, suggesting that the specimen did not
undergo an overall structural failure. When the load reached its maximum of 1800 kN, the
greatest vertical displacement of the wall top was 11.63 mm, with a residual displacement
of 5 mm after unloading.
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Figure 20. Load-displacement curve of the top of the seawall specimen.

4.2. Deformation Field Analysis of the Ancient Seawall

By conducting a cross-correlation analysis between the images of the wall taken prior
to the experiment and those taken at the end of the failure loading stage, the displacement
field of the ancient seawall throughout at the final step of the test was obtained, as illustrated
in Figure 21. The figure reveals that deformation of the ancient seawall was primarily
localized in the upper half, notably within a length of 0.5 times the width of the wall
top, which absorbed 85% of the wall top displacement. Beyond the vertical downward
displacement, the seawall also presented a horizontal displacement directed towards the
embankment side, as demonstrated in Figure 22. Given the trapezoidal cross-sectional
shape of the seawall and the displacement constraint imposed by the distribution beams on
the wall top, the horizontal displacement of the wall peaks at 4.4 mm on the embankment
side at a distance of 0.21 m from the wall top. This observation indicates that under the
vertical loading on the wall top, the wall exhibited an inclination to overturn towards the
embankment side, which is in accordance with the numerical simulation results presented
in Figure A7 of Appendix A.

Displacement Value (m)

Unit: Meter (m) 0.72 0.96 1.20 1.44 1.68 1.92 Unit: Meter (m) 0.96 1.20 1.44 1.68
1 1 1 1 1 0. 00 " 1 L 1 1 1 n 1 L 9. 59 10_3
0. 00 [[;;[[ 10mm -
448994
2Ny, 0.21 8,80 10
02 42009770
227222775 Embankment Seaward 110
0404 ALLLL 2270 Side  0.42 4 Side '
Embankment ;;;;;;;;;; Seaward
Side 227272727777 Side ) 6.62X10°
0.6390 2227272717777 0. 63
22222077720 o
P2Irrrr sty 5. 53X 10
0. 84 ITrrrzrrreevroes
Prr oy, 0. 84
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_ rrrroro v
1.05 """'l;:ll!/ _
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Figure 21. Side view of displacement field of the final step of the test on the ancient seawall: (a) vector
map; (b) vertical displacement contour map.
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Figure 22. Side view of displacement field at the final step of the test on the ancient seawall:
(a) horizontal displacement contour map; (b) schematic of deformation pattern.

Figures 23 and 24 present the vertical displacement fields of the ancient seawall during
the monotonic loading and failure loading stages, respectively. It was observed that the
wall top displacements during these stages were 3 mm and 7 mm, respectively, which is
consistent with the measurements obtained from the laser displacement sensors (refer to
Figure 16). Figure 23a indicates that during the monotonic loading stage, deformation of
the wall was largely contained within a length of 0.5 times the width of the wall top.

Unit: Meter (m) 0.70 0.76 0.82 0.89 0.95 1.01  Displacement Value (m)
304x10°

1.20  1.44 1.68 Displacement Value (m)

3.02% 107
271103
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2.38x102
2.34% 107

. 2.06%102
199X 10 )

1.65X 107 173%10°

1.31X107

140102

- -1
9.65X10 LoT10°

6.22X107
7.40%10°4

2,78 X107

(a) (b)

Figure 23. Vertical displacement contour map of the specimen during monotonic loading process:

412x104

(a) side view; (b) front view.
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Figure 24. Vertical displacement contour map of the specimen at the final step of the test: (a) side

view; (b) front view.

Figures 25 and 26 show the horizontal displacement fields of the ancient seawall during
the monotonic loading and failure loading stages, respectively. The positive and negative
values indicate displacements towards the seaward and embankment sides, respectively.
Comparative analysis indicates that the horizontal deformation range of the wall during
the failure loading stage expanded from 0.5 times the width of the wall top to 1.5 times,
suggesting a more marked lateral overturning tendency.

Unit: Meter (m) 0.96  1.20 1.44 1.68 Displacement Value (m)
1 L 1 L
~1.82X107*
0. 21 1 4.48X10™
0. 49 -7.13x10™*
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0. 63
-1.24x107°
0. 84
~1.51x107%
1. 05 -m_/\ -1.77X 107
_q -3
i 2.04X10
2.30%X107°

Figure 25. Horizontal displacement contour map of the specimen during monotonic loading process.
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Figure 26. Side view of horizontal displacement contour map and photograph during failure loading
stage of the specimen: (a) contour map; (b) photograph.

Regions with opposite signs of horizontal displacements in Figures 25 and 26 denote
locations where cracks emerged. PIV image analysis revealed that no cracks materialized
in the stones and mortar during the monotonic loading stage. However, during the failure
loading stage, vertical cracks appeared in the stone (Stone Type (1), see Figure 4) near the
bottom of the ancient seawall when the load approximated 560 kN. As the load increased,
the cracks persistently expanded and deepened. Figure 26 presents a comparison between
the horizontal displacement contour and the crack images. When the vertical load during
the failure loading stage escalated to 685 kN, distinct vertical cracks appeared in the mortar
layers and stone in the middle of the ancient seawall. Figure 27 exhibits a comparison
between the horizontal displacement contour and the crack images observed from the front
of the specimen.

Unit: Meter (m) 0.4 0.6 0.8 1.0

Displacement Value (m)

1.2x107

4.4x10

-3.4x107

-1.1x107

-1.9x107

-2.7x10?

-3.5%10%

-4.2x10%

3.0

-5.0x107

(@) (b)

Figure 27. Front view of horizontal displacement contour map and photograph during failure loading
stage of the specimen: (a) contour map; (b) photograph.
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In comparison to the monotonic loading stage, the peak values of horizontal and verti-
cal displacements during the failure loading stage escalated by 98% and 221%, respectively,
signifying that the vertical displacement of the wall was more responsive to the increments
of vertical load on the top of the ancient seawall.

4.3. Stiffness Degradation of the Ancient Seawall

Figure 28 presents the load—displacement curve during the cyclic loading stage, which
exhibits distinct hysteresis loops. The slope of the line linking the top and bottom points
of each hysteresis loop represents the vertical stiffness of the specimen, while the area
contained within the hysteresis loop illustrates the damping. As demonstrated in Figure 29,
the vertical stiffness of the ancient seawall exhibited continuous variation with the number
of cycles, i.e., the vertical stiffness of the ancient seawall decreased from 760 kN/ mm?
to 684 kN/mm?. The vertical load during the cyclic loading stage, F., was relatively
small, significantly lower than the failure strength of the seawall. Therefore, the stiffness
degradation of the ancient seawall was predominantly attributed to the cyclic weakening of
the mortar layers. This softening of the mortar stiffness resulted in cumulative displacement
of the mortar joints, leaving a residual displacement of 0.3 mm at the wall top at the end of
the cyclic loading stage.

500
400
300
200

100

Vertical Load on the Top of Model Seawall (kN)

T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
Vertical Displacement on the Top of Model Seawall (mm)

Figure 28. Load-displacement plot during the cyclic loading stage.

%)

Vertical Stiffness of the Model Seawall (kN/mm:

672 T T T T T
0 2 4 6 8 10
Number of Cyclic Loadings

Figure 29. Variation of wall stiffness during the cyclic loading stage.
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5. Discussion

Based on the experimental findings, neither the mortar nor the stones of the ancient sea-
wall cracked when subjected to vertical loads up to 1.4 MPa (corresponding to F, = 450 kN).
However, the application of cyclic loads to the seawall, even when load amplitudes were
maintained below 1.4 MPa, led to some visible cracking in the mortar layer. Under the
maximum test load of 5.3 MPa (corresponding to F¢ = 1800 kN), both the mortar and the
stones of the ancient seawall displayed considerable cracking, and continuous vertical
cracks even emerged. Despite this, the overall stability of the ancient seawall was preserved,
and no structural failure (e.g., collapse) was observed. The Qiantang River ancient seawall
is a nationally protected cultural relic, subject to heritage preservation laws that prohibit
any cracking in both the mortar and the stones, not to mention overall structural failure.
To adhere to heritage preservation requirements, the vertical load applied to the top of
the Qiantang River ancient seawall should not exceed 1.4 MPa. If the load at the wall
top exhibits cyclic characteristics (e.g., traffic loads), the limit for vertical loads should be
reduced below 1.4 MPa to prevent cracking of the mortar.

The novelty of this study is obvious since the limit of vertical loading on top of the
seawall is proposed for the first time. Given the elastic limit of 1.4 MPa and the typical
contact area of the tire of 0.3 m2, the axle load limit of a vehicle on the seawall can be as
high as 34 t. For the retrofit project for the ancient seawall, the construction vehicle of the
maximum total load is 70 t (note that the total load is distributed over five axles), which is
significantly lower than the elastic limit of the seawall. Thus, we can reasonably infer that
within the practically possible range of top loads (generally within 30 kPa), the Qiantang
River ancient seawall will not experience an overall collapse or visible fractures in stone
and mortar.

It is noted that the above suggestions are based on the experimental test involving
only vertical loading to the wall. However, the real structure is also subjected to lateral soil
pressure, as there is soil refilling at the embankment side of the wall. The deformation and
stability characteristics and the associated load limits of the ancient seawall subjected to
combined vertical (e.g., traffic load) and horizontal (i.e., soil pressure and water force (from
tides and river velocities)) loadings will be the focus of future study.

6. Conclusions

This study introduced the distinctive material composition and structural design of the
Qiantang River ancient seawall. A scaled-down specimen, at a scale-ratio of 1:4, was built
to study the vertical monotonic loading, cyclic loading, and failure loading behaviors. The
displacement field of the ancient seawall during the loading stages was obtained using particle
image velocimetry (PIV) technology. The principal findings of this research are as follows:

(1) Throughout the monotonic loading stage (peak load value of 1.4 MPa), the specimen
stayed in the linear elastic stage, with no observable cracking in the wall’s mortar or
stones.

(2) During the cyclic loading stage, the elastic behavior of the mortar deteriorated, leading
to a reduction in the vertical stiffness of the specimen when the number of loading cycle
increased. The vertical stiffness of the specimen reduced by 10% after ten loading cycles.

(8) Over the course of loading with a vertical load of 5.3 MPa at the top of the seawall,
the wall underwent a maximum vertical displacement of 12 mm and a horizontal
displacement of 5 mm. Vertical displacement was primarily observed in the upper
half of the wall, within a range of 0.5 times the width of the wall top, whereas the
horizontal displacement was concentrated in the upper half of the wall, within a range
of 1.5 times the width of the wall top.

(4) Asthe vertical load at the top of the wall increased, the range of horizontal deforma-
tion dramatically extended, resulting in a tendency for the horizontal overturning of
the seawall towards the embankment side.

(5) The predominant failure throughout the loading process was the cracking of the
mortar. As the vertical load on the wall top increased in the range of 2.4-5.3 MPa,



Buildings 2023, 13, 2788

20 of 25

vertical cracks emerged in stones near the bottom of the wall, and substantial vertical
cracks appeared in the central section of the wall. Despite this, the ancient seawall did
not undergo an overall structural failure (e.g., sudden collapse).
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Appendix A
Appendix A.1. Numerical Model and Parameters

Using the commercial finite element software ABAQUS (2022 Edition), we built a finite
element model of the reduced-scale specimen, as shown in Figure Al. The stones were
discretized using solid elements, and the mortar was modeled by the cohesive elements.
The Drucker—Prager (DP) model was adopted to govern the mechanical behaviors of the
stone. As for the mortar layer, its elastic response was based on a linear traction separation
relationship, whereas its plastic response was governed by a quadratic stress criterion on
the crack initiation and an energy-dissipation-based law on the crack propagation. The
model parameters of the stones included a density of 2550 kg/m?, a Young’s modulus of
40 GPa, a Poisson’s ratio of 0.2, a friction angle of 36°, a dilatancy angle of 11.3°, and a flow
stress ratio of 1.0. As for the evolution of the yield stress with the absolute plastic strain
(see Table A1), it was obtained through a laboratory triaxial test on the stone samples. The
normal, shear, and tangential elastic moduli of the cohesive element representing the mortar
are 5 GPa, 2 GPa, and 2 GPa, respectively. The tensile and shear strength of the mortar
were set equal to 25 kPa and 35 kPa, respectively. The energies required for the evolution
of normal and shear fractures were set equal to 18 J/m? and 125 J/m?, respectively. The
mass density of mortar was taken as 1800 kg/m?.

The fixed boundary condition was applied to the bottom of the model. The central
point (RP-1) on the top surface of the model was selected as the loading point. A rigid
connection was specified between RP-1 and entire top surface of the model. The vertical
load was applied in a displacement control manner. The target vertical displacement at the
loading point RP-1 was —0.012 m, which corresponds to the peak displacement during the
failure loading stage in the reduced-scale specimen test.

0.36
095%™ 36m

1.36m

Figure A1l. Schematic diagram of the numerical model of the reduced-scale specimen.
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Table Al. Relationship between yield stress and plastic strain variation.

Yield Stress (MPa) Absolute Plastic Strain
62.28 0
78.78 0.0005
95.99 0.001
113.07 0.0015
130.3 0.002
145.87 0.0025

Appendix A.2. Comparison and Analysis of Loading Results

From the numerical model, the variation of the vertical load with the loading displace-
ment at RP-1 can be obtained. The maximum vertical load from the numerical modeling
was equal to 1700 kN, which is quite close to the largest load (i.e., 1800 kN) obtained during
the experimental test, as shown in Figure A2.

For the cohesive mortar layer, the node in the seventh layer from the top was selected
as the observation point, as depicted in Figure A3. The degradation curve of mortar
stiffness, as seen in Figure A4, was extracted. When the vertical displacement reached
4.2 mm, the stiffness of the top mortar layer degraded to zero, suggesting a failure of the
mortar layer, which is consistent with the mortar cracks observed during the reduced-scale
specimen tests.

numerical simulation

reduced-scale specimen test

Load (kN)
N
1

0.0 T T T T T T
2 1 6 8 10 12

Displacement (mm)

Figure A2. Force-displacement curve.

Figure A3. Selected observation point for stiffness degradation of the mortar layer.
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0.4 -

Rate of stiffness degradation
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0.0 T T T T T T T T T T !
0.0 2.4 4.8 7.2 9.6 12.0

Displacement (mm)
Figure A4. Stiffness degradation curve of the top mortar layer.

Figures A5 and A6 present the contour plots of horizontal and vertical displacements
of the numerical model when the top vertical displacement was 0.012 m. The distribution
pattern of the horizontal displacement field aligns with the experimental test, although
the maximum vertical displacement value of 9 mm is slightly smaller than that of the
reduced-scale specimen test (11.6 mm).

+8.00%10+
-1.82x10+4
-1.16x102
-2.15x10°
-3.13%10°2
-411x10°
-5,09x103
-6.07x10°
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-8.04x103 | |
90210 LT
-467x10* !

Figure A5. Horizontal displacement contour map of the numerical model under ultimate load.
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Figure A6. Vertical displacement contour map of the numerical model under ultimate load.

To validate the accuracy of the overturning mode derived from the reduced-scale
specimen test, a comparison was conducted with the overturning mode of the numerical
model, as depicted in Figure A7.

U, U2
+8.38%10°3
+7.49x10°3
+6.61x103
+5.72x103
+4.84x103
+3.95%103
+3.07x10°3
+2.18%103
+1.30x10°2
+4.10%10
-4.75x10%
-1.36%102
-2.25%10°®

Seaward Side

Embankment
Side

Figure A7. Overturning mode of the numerical model.
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