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ABSTRACT

Diverse criteria are taken for seismic design of shear walls due to their buckling failure in
various regulations. Despite extensive studies on the topic, no practical mechanism has been widely
adopted to effectively mitigate out-of-plane buckling in reinforced concrete shear walls. This study
presents a novel approach to address this issue by experimentally investigating the effect of rebar-
concrete debonding on the seismic performance of boundary elements in shear walls with minimum
reinforcement. Plastic sleeves, applied to rebar at varying lengths (80 mm, 150 mm, and 220 mm),
were used to induce debonding and thus modify the stress transfer mechanisms and crack
propagation within the concrete. Five experimental samples of shear wall boundary element were
designed and constructed with minimum reinforcement. Samples were subjected to non-uniform
cyclic loading to study rebar debonding effect on crack distribution, rebar strain, and out-of-plane
instability in boundary element. The results indicate that debonding leads to a reduction in the lateral
stiffness of the boundary elements, postponing rebar buckling, and also provides a 12%
enhancement in the tensile capacity of the rebar. Findings illustrate rebar-concrete debonding results
in a reduction in lateral stiffness of boundary element. Similarly, comparing to a debonding free
element, buckling member occurs at more minimal strains. It is also revealed that to prevent buckling,
larger dimensions are required for sleeved sample. Moreover, robust evidence proved that
increasing rebar debonding length enlarges crack width near sleeves, while sleeve length does not
affect the first buckling or axial length of samples. This study provides a practical and innovative
mechanism for addressing buckling challenges in minimum-reinforcement boundary elements,
contributing to safer and more efficient structural design practices.

KEYWORDS

Boundary elements, Out-of-plane buckling, Rebar debonding, Reinforcement fracture, Shear
walls

INTRODUCTION

An overriding damage can occur as a result of failure in considering the mechanical forces’
effect [1-4]. Accordingly, part of the energy, such as earthquakes and wind, imposed on the structure
via external factors must be dissipated with minimal damage in a safe manner through plastic
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deformation of different members. Such proceeding prevents the structure from instability against
loads. Furthermore, innumerable concrete structures are mostly torn down and rebuilt due to
unpermitted steady-state deformations and high costs of post-earthquake reconstruction. Distinct
mechanisms can be taken to use up a large bulk of exerted energy on the structures’ principal
members. Hitherto, in recent years, dozen studies have exclusively addressed the performance of
reinforced, strengthened concrete shear walls [5-7].

Cook et al. [8] examined failure causes in shear walls under 2010 Chilean earthquake and
detected an identical failure in walls. In such type, crack concentration and rebar fracture were
observed. According to ACI regulations, the plastic joint length should be approximately half the
length of the wall. However, in this study, the minimum length was set to two to three times the wall
thickness, which is considered minimal. Henceforth, insufficient plastic deformation capacity leads
to insufficient ductility and finally minimum deformations under a seismic load arise reinforcement
fracture. Previous studies have extensively investigated the behavior of reinforced concrete
elements under seismic loading, particularly focusing on structures with minimum reinforcement.
Hoult et al. [9] analyzed the seismic performance of U-shaped shear walls with less than 0.5%
longitudinal reinforcement ratio and observed that strain concentration in the reinforcement tends to
localize in a single crack, often leading to rebar fracture. This finding highlights the susceptibility of
minimum-reinforced shear walls to failure due to inadequate strain distribution, emphasizing the
need for strategies to mitigate such risks. Fantili et al. [10] empirically examined the effect of
reinforcement diameter on the behavior of concrete beams with minimum reinforcement,
demonstrating that larger reinforcement diameters influence crack propagation and strain
distribution. These results underline the critical role of reinforcement characteristics in governing the
performance of concrete elements under loading. Han et al. [11] surveyed the effect of boundary
element details on seismic deformation of shear walls. In this research, shear walls with different
reinforcement conditions and boundary element shapes were examined. It achieved conclusive
findings revealing that the first flexural crack appears at a relative displacement of 0.17%—0.25% in
the lower part of the boundary element. If steel tensile strength at initial crack location (cracked
section) is higher than that of concrete (un-cracked section), flexural cracks could develop.
Henceforth, boundary reinforcement is concentrated along the wall edges (boundary element).
Khalfallah [12] performed a crack analysis on reinforced concrete tensile members. The study
concluded post-cracking behavior of reinforced concrete member depends on parameters such as
concrete strength, development length for reinforcement, concrete-rebar connection, and distance
between rebars. Chrysanidis et al. [13] discussed tensile strain effect on lateral buckling of wall
boundary element. Their study revealed instability and lateral buckling increase in tensile strain of
rebar of shear wall boundary element.

Rebar-concrete bond effect on longitudinal reinforcement strain distribution could be
considered as other effective parameter affecting concrete shear walls behavior [14-16]. Such issue
constituted a research topic for numerical researchers in this domain [17-19]. Fantili et al. [20] studied
members’ bond-slip behavior under tension at cracked section. Findings demonstrated tensile force
exerted on crack location member is carried by rebar, and so applied force to concrete is via bonding
force. Muhamad et al. [21] experimentally studied load-slip relationship of tensile reinforcement in
reinforced concrete members. In this study, flexural members’ deformation divided into continuous
and non-continuous (deformation). Hong and Park [22] investigated rebar-concrete bond-slip
relationship and provided a new behavioral model for slip-shear stress along the interface between
rebar and concrete. In another empirical study, Tastani et al. [23] examined rebar indentation area
effect on strain penetration and rebar-concrete debonding. This study concludes strain penetration
will reduce through an increase in indentation surface area. Naghipour et al. [24] empirically
evaluated bonding stress and rebar slip behavior in concrete under reciprocating static loading as
well as concrete confinement effect. Guizani et al. [25] examined bond-slip behavior via previous
models to consider stirrup placement effect in medium-ductility reinforced concrete structures. The
study observed stirrup confinement increase along bond strength between rebar and concrete. Bao
et al. [26] introduced a method to prevent and reduce progressive collapse risk in reinforced concrete
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structures. In this method, rebar-concrete debonding (sleeving) was applied to improve ductility
around 30%. This phenomenon also converted strain concentration in a cracked expansion in beam
into strain propagation along sleeve and hence delayed fracture. Hussein et al. [27] studied bonding
and debonding effect of reinforced rebar in concrete structures’ vibration behavior with normal and
high-strength concrete. The study displayed rebar-concrete debonding could increase beams
ductility. Opabola et al. [28] investigated slip and shear deformations influence on the elastic
response of RC components. The study achieved reliable evidences in damage reduction as well as
absorption increase of seismic energy. Furthermore, findings revealed diagonal reinforcement strain
uniformity as well as its independency from flexural stress. Henceforth, diagonal deformation
increases and rebar usage reduction emerge.

The seismic performance of reinforced concrete shear walls is critical for the safety and
resilience of structures in earthquake-prone regions. Despite advancements in design approaches,
one persistent challenge is the out-of-plane buckling of boundary elements, which undermines the
structural integrity of shear walls. Existing studies have extensively investigated factors influencing
buckling and crack propagation in these elements. However, these studies have largely focused on
traditional reinforcement strategies without exploring innovative mechanisms to mitigate buckling in
structures with minimum reinforcement. This research aims to address this gap by introducing and
experimentally evaluating the effects of rebar-concrete debonding through the use of plastic sleeves.
By strategically isolating sections of the rebar, the study investigates how this technique impacts
strain distribution, crack behavior, and buckling in boundary elements under seismic loading. The
findings of this research have the potential to influence industry practices by providing a practical
solution for improving the seismic performance of reinforced concrete shear walls, particularly in
cost-sensitive projects requiring minimum reinforcement. Moreover, the results could inform future
updates to seismic design codes and regulations, promoting the adoption of rebar-concrete
debonding as a viable strategy for mitigating buckling and enhancing structural safety.

Walls with minimum reinforcement ratios are more prone to instability because they lack the
necessary resistance to buckling and stress distribution. The minimal reinforcement leads to a higher
concentration of stresses at crack locations, reduced ductility, and early fracture of reinforcement.
These factors make such walls more vulnerable to failure under seismic loading. This research
focuses on improving the performance of these walls by investigating the effect of rebar-concrete
debonding, which can potentially reduce buckling and enhance stability in walls with minimal
reinforcement. Almost all literature review revealed a high demand for tensile rebar strain at crack
location. It is also emerged that tensile rebar strain at crack location is the momentous failure in
shear walls with minimum longitudinal reinforcement ratio which ultimately leads them to rebar
fracture. On the other hand, findings of the current study demonstrate method of debonding,
elimination or concrete-rebar bond reduction could increase beams and columns ductility.
Accordingly, ultimate goal of the present study is to examine experimental distribution of longitudinal
rebar strain in boundary element of shear walls via minimum reinforcement. As a pioneer study in
this field, it also considers the effect of such process on buckling stability of shear walls considering
local rebar-concrete debonding (sleeving). Such a consequential issue is conducted taking several
experimental tests on various samples for boundary element of reinforced concrete shear walls. The
firm claim is that changes in tensile force at the base of shear wall are smaller than the wall height
due to low bending moment gradient. Henceforth, considering this hypothesis, a prismatic element
under tension at two ends can be applied to model shear wall boundary element. Accordingly, four
different samples without rebar debonding were subjected to cyclic loading followed by three
samples with different sleeve lengths. Then, rebar strain distribution and failure mode, including
cracks and buckling distribution, were examined to evaluate sleeving effect on seismic behavior of
shear wall boundary element.
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METHODS

Initially, three rebar debonding free samples were subjected to monotonic and cyclic loading
to evaluate sleeving effect on seismic behavior of shear wall. Then, three samples with different
sleeve lengths were subjected to cyclic loading, and strain distribution in rebar and failure mode,
including crack distribution and buckling, were studied. Steps for selection, samples’ dimensions and
methodology are as follows: Selection of sample’s dimensions, Selection of rebar and concrete
strength, Conduction of Rockwell tests on rebars prior than principal experiment, Design of
laboratory setup for sample testing, Selection of loading protocol, Placement and testing of samples,
and registration of experimental data, Destruction of samples after their loading and Rockwell tests.

Seven prismatic samples with section dimensions of 150 mm x 150 mm and a length of 1000
mm are opted to evaluate seismic behavior of shear wall boundary element. Fig. 1 displays the
geometric properties of samples under study. Two of samples (BM2 and BM3) were sleeveless and
subjected to cyclic loading as reference samples. Moreover, three sleeved samples (DC1, DC2, and
DC3) were subjected to cyclic loading. The dimension selection and sample preparation were
conducted considering two issues; the operating limits of testing device (motion range of the jack)
and ACI318R-14 regulations [29] in such a way that an element does not undergo overall buckling
during loading. Concrete foundations with dimensions of 600 mm x 450 mm x 150 mm were applied
to meet two purposes: to connect prismatic piece to loading jack and laboratory rigid floor and to
provide development length of reinforcement. Fig. 1b illustrates the experimental setup prepared at
Infrastructure Research Center at Urmia University. Furthermore, having observed the minimum
vertical reinforcement ratio in shear wall based on ACI318R-14, the study applied indented type 10T
longitudinal reinforcement. It should be nominated that reinforcement ratio of cross section was
higher than that recommended by ACI318R-14. Plain 6T rebars placed at distances of 75 mm were
used to concrete confinement at element core.

The experimental dimensions and parameters were carefully chosen to represent realistic
scenarios encountered in reinforced concrete shear walls with minimum reinforcement while allowing
for controlled laboratory testing. The test specimens were designed to reflect typical dimensions and
reinforcement ratios used in real-world reinforced concrete shear walls, with a height-to-width ratio
of 2.5:1 to simulate slender boundary elements. Due to laboratory constraints, the specimens were
scaled to manageable sizes while maintaining realistic proportions, ensuring the relevance of the
experimental results to actual field conditions. The longitudinal reinforcement ratio of 0.351% was
selected to align with the minimum reinforcement requirements specified in seismic design codes
and to facilitate comparison with similar studies.

The sleeve lengths of 80 mm, 150 mm, and 220 mm were selected to represent varying
degrees of rebar debonding commonly encountered in construction. The 80 mm length simulates
minimal debonding, which might be used in cases where only slight improvements to strain
distribution are needed. The 150 mm length corresponds to moderate debonding, reflecting a
common approach in seismic design to balance reinforcement efficiency and performance. Finally,
the 220 mm length represents a more substantial debonding, suitable for high-performance
applications where significant strain redistribution is necessary to prevent premature failure. These
lengths were chosen based on practical considerations and typical construction practices, ensuring
that the experimental results are relevant to real-world applications in reinforced concrete shear wall
design. The choice of sleeving lengths (80 mm, 150 mm, and 220 mm) was informed by preliminary
trials and literature observations indicating that localized detachment can influence strain distribution
and crack patterns in reinforced concrete elements. These lengths were chosen to cover a range of
detachment effects, from minimal to more significant, enabling a comprehensive analysis of the
technique's impact. By grounding the experimental setup in established research while introducing
innovative parameters, such as the sleeving mechanism, this methodology ensures both relevance
to practical applications and the ability to draw meaningful comparisons with prior studies.
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c d

Fig. 1 - (a) Geometric properties of samples under study; (b) experimental setup and method of
samples installing; (c) rebar sleeving method; (d) reinforcement and construction details of
concrete boundary element before concrete placement

To investigate the effect of rebar separation on the seismic behavior of the shear wall
boundary element and the stress distribution in the longitudinal rebar, three laboratory specimens
were prepared. A plastic hose, matching the diameter of the rebar, was used as the sheath to create
debonding. The sheaths were placed at the mid-height of the specimens with lengths of 80 mm, 150
mm, and 220 mm. Before positioning the sheaths, the rebars were greased at the specified locations
to minimize interaction between the rebar and the sheath body, ensuring effective debonding at the
designated lengths. The plastic sleeves were subsequently and securely positioned at specified
locations on the rebar, as shown in Figure 1c. These sleeves were carefully placed to ensure uniform
debonding along the reinforcement. Following the installation of the sleeves, all three specimens
were subjected to seismic loading according to a standardized loading protocol. This protocol was
designed to replicate realistic seismic conditions and assess the performance of the specimens
under cyclic loading, ensuring consistency in the testing procedure across all samples. The summary
of the specifications of the samples and the load application method employed in the experimental
study is shown in Table 1.
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Tab. 1 - A summary of the specifications of the samples and the method of load
application utilized in the experimental study
Sal\rln ple Loading Type . Lateral L(_)ngitudinal RP:irr?f((e)rr]::ae?r?e?wtt E(Iaer‘%;ﬁ
o. Reinforcement Reinforcement o
(%) (mm)
BM2 Monotonic e6@70 mm T10 0.351 --
BM3 Monotonic e6@70 mm T10 0.351 --
BC1 Cyclic @e6@70 mm T10 0.351 -
BC2 Cyclic @e6@70 mm T10 0.351 -
DC1 Cyclic @e6@70 mm T10 0.351 80
DC2 Cyclic e6@70 mm T10 0.351 160
DC3 Cyclic e6@70 mm T10 0.351 240

Direct tension tests were conducted on the rebars, as outlined in reference [30], to evaluate
their tensile strength and deformation characteristics under controlled conditions. Corresponding
stress-strain curves of rebar is displayed in Figure 2a. Direct tension test findings demonstrate
ISIRI3132 reinforcement is S400 grade and exactly meets tensile strength requirements and
elongation of reinforcement. Given sample dimensions and concrete coating thickness on lateral
reinforcement, the study used C30 concrete to prepare samples both via a suitable mix design
selection and maximum grain size observation. The characteristic compressive strength in 28-day
concrete cylinder samples with dimensions of 100x300 reaches 30 MPa. Figure 2b depicts
compressive test of concrete cylindrical test.

700 T T T
600 -
500 -
400

300

Stress (MPa)

200 |

100 -

0 1 ] ]
0 0.1 0.2 0.3
Strain

a b
Fig. 2 - (a) Stress-strain curve of rebar; (b) Determination of compressive strength of the concrete

Wall fracture in minimum longitudinal reinforced sheer walls is substantially controlled due to
tensile load on boundary elements. Henceforth, boundary elements are not required to endure a
serious compressive load. An asymmetric loading protocol, similar to ACI 355.2 protocol [31], was
considered for cyclic loading. Such loading protocol comprised of symmetric cycles of increasing
axial strain around 0.003. This figure achieves after continuously stable increase is notified in tensile
loading range, while compressive strain ends at 0.003. Applied cyclic loading protocol has been
illustrated in Figure 3. The protocol consists of asymmetrical displacement cycles with increasing
amplitudes to simulate seismic loading conditions. The initial cycles represent lower displacement
values to assess the elastic behavior of the specimens, while subsequent cycles introduce larger
displacements to evaluate the capacity for energy dissipation, crack propagation, and eventual
failure modes under realistic seismic conditions.
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Displacement (mm)

Step
Fig. 3 - Applied loading protocol in large-displacement asymmetrical loading
tests. The graph shows the cyclic loading sequence applied to the shear wall
boundary elements during the experimental tests.

Since the expansion of cracks in the boundary element of the shear wall has led to a decrease
in lateral stiffness, so that the buckling of the boundary element can occur before the buckling and
rupture of the longitudinal bar. In this regard, Dashti et al. [32] realized the relationship between the
horizontal displacement of the middle of the wall and the buckling of the wall and presented the
equation (1) relating the lateral displacement with the reinforcement ratio.

§=b§so.5{1+2.35’;§’ —J5.53(§f¥] +4.70p;,*} (1)

c c c

in which 6 is the lateral displacement of the middle of the element, b is the section dimension, and p
is the reinforcement ratio in the border element of the shear wall. The average critical strain caused
by plate buckling for a sample with one layer of reinforcement can be estimated according to the

following equation.
b 2
gz‘r = (I_J gcr (2)

RESULTS

This section addresses findings for sleeveless samples BC1 and BC2 (reference samples),
sleeved samples DC1, DC2, and DC3 based on cyclic loading test via loading protocol. Loading test
was continued until the rebar fracture occurs.

The BC1 sample was subjected to cyclic loading based on the defined loading protocol to
study the seismic behavior of boundary elements in shear walls with minimum reinforcement. The
load-displacement curve is displayed in Figure 4. In subsequent cycles, cracks appeared abruptly
as the load force increased (e.g., cracks 3 and 5) and were closely spaced (as shown in Figure 4b).
At these locations, failure initiated with concrete crushing followed by longitudinal reinforcement
buckling between two cracks. A further increase in load led to fatigue fracture of the reinforcing rebar,
with the ultimate tensile deformation upon failure reaching approximately 88 mm. At these locations,
failure initiated with crushing of concrete followed by buckling of longitudinal reinforcement between
two cracks. Further increase in load leads to fatigue fracture of reinforcing rebar. Maximum or
ultimate tensile deformation upon failure was about 88 mm.
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Fig. 4 - (a) Load-displacement graph under cyclic loading for BC1 sample. This graph shows the
relationship between the applied load and displacement, with the initial steep slope indicating
elastic behavior and the flattening of the curve reflecting stiffness reduction due to crack formation.
(b) Crack geometry showing the distribution and locations of cracks. (c) Crack shape highlighting
the morphology of cracks, emphasizing the primary cracks leading to rebar fracture.

Similar to other samples, in BC2, the first crack occurred in fifth cycle at distance 325 mm
from joint region along element and foundation via applied cyclic loading. Additional cyclic loading
leads to second crack at joint region along element and upper foundation. Then, further cyclic loading
makes the third and fourth cracks in ninth and tenth cycles at distance 710 mm from joint region
along element and footing; and element and foundation, respectively. Figure 5a displays load-
elongation graph of sample under cyclic loading. Also, Figure 5 illustrates crack distribution along
sample. Although failure location of Crack 3 initiated in concrete crushing and global buckling forms,
ultimate failure happened as rebar fracture at the first crack location (Crack 1).
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Fig. 5 - (a) Load-displacement graph under cyclic loading for BC2 sample, showing initial elasticity
and stiffness reduction as cracks form. (b) Crack geometry and (c) crack shape, highlighting crack
distribution and key fractures leading to rebar failure.

. . . . .
0 20 40 60 80 100 120
Displacement (mm)

In DC1, with rebar-concrete debonding sleeves in the middle of height with a length 80 mm,
the first crack occurred with applied cyclic loading at joint region along element and foundation.
Figure 6 displays schematic diagram of failure and load-displacement graph. According to Figure 6,
as load increases in subsequent cycles, three other cracks appeared at distances of 80 mm, 210
mm, and 390 mm. These cracks were mainly concentrated in the lower part of sample. As shown in
Figure 6, with further loading, buckling failure occurs during 20th cycle. After Crack 5 appears at joint
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region along sample and foundation, another crushing failure occurs at Crack 3 during 22nd cycle.
The ultimate failure happened as rebar fracture in Crack 2 under the sleeve.

DC1

50 - Crack5

50 - Bar Debonding

Load (kN)

r.
| Crack3

Bar Fracture
|+ Crack2

1000
7380

=100 -

500
390

L0

-150 -

| Crack4
Crackl

a

.80,

-10 0 10 20 30 40 50 60
Displacement (mm)

g~

a b c
Fig. 6 - (a) Load-displacement graph under cyclic loading for DC1 sample, showing the load-
displacement relationship with stiffness reduction as cracks form. (b) Crack geometry and (c) crack
shape, highlighting the distribution and key fractures leading to rebar failure.

In DC2, with the rebar-concrete debonding sleeves in the middle of height with a length 60
mm, as shown in Figure 7, the first crack occurred at distance 385 mm from joint region along
element and foundation. Increasing load produces crack width increase to 16 mm under tension
during 23rd cycle. In next cycle, concrete crushing at horizontal crack and vertical crack propagation
along rebar appeared. The ultimate failure occurred without any new cracks as rebar fracture at
Crack 1 under sleeve. Absence of any crack propagation and initiation along sample produced no
lateral buckling. Comparing to other samples, absence of initiation of secondary cracks in DC2 lead
to overall deformation of sample at minimum level. Henceforth, rebar fracture occurred at low cycles.

50 [

Bar Debonding

Bar Fracture
! Crackl

-50 -

Load (kN)

-100 |-

-150 |-

385

o ? ’ ’ Di;;lace::ent(ﬁm) “ * * *
a b c
Fig. 7 - (a) Load-displacement graph under cyclic loading for DC2 sample, showing the load-
displacement relationship with stiffness reduction as cracks form. (b) Crack geometry and (c) crack
shape, highlighting the distribution and key fractures leading to rebar failure.

The occurrence of early fractures in some samples highlights the complex interplay between
the debonding mechanism, crack patterns, and strain distribution. While the sleeving mechanism
improves fracture strain in certain scenarios, it also introduces new stress concentrations near the
sleeve boundaries. These observations suggest that careful consideration must be given to the
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length and placement of the sleeves to optimize their effectiveness. In seismic design, this
underscores the need for a balance between achieving strain redistribution and avoiding localized
vulnerabilities that could compromise the overall performance of the boundary element. The ultimate
failure occurred without any new cracks as rebar fracture at Crack 1 under sleeve. Absence of any
crack propagation and initiation along sample produced no lateral buckling. Comparing to other
samples, absence of initiation of secondary cracks in DC2 lead to overall deformation of sample at
minimum level. Henceforth, rebar fracture occurred at low cycles.

In DC3, with the rebar-concrete debonding sleeves in the middle of height with a length 220
mm, the first crack occurred in the third cycle at distance 280 mm from joint region along element
and foundation. Load-displacement graph and crack geometry of this sample are displayed in Figure
8. Increasing load produced second crack 5th cycle at distance 785 mm from joint region along
element and foundation. As illustrated in Figure 7, the third and fourth cracks occurred in 9th and
11th cycles, respectively, at two ends of elements at joint region with foundation. The element failure
in 26th cycle occurred as global buckling (instability), and cracks along longitudinal reinforcement
were observed during 36th cycle at Cracks 1 and 2 along concrete weight coating. Finally, rebar
fractured at Crack 1 during 39th cycle in a way that widths of Cracks 1 to 4 were 6 mm, 11 mm, 26
mm, and 35 mm, respectively. Similar to reference samples (BC1 and BC2) and sleeved sample
(DC1), in the present sample, failure occurred as out-of-plane buckling with concrete crushing at
crack location before rebar fracture. Findings for Rockwell are illustrated in Figure 9.

The sleeve length significantly influences the crack width in shear walls with rebar debonding.
As the sleeve length increases, the debonding effect becomes more pronounced, redistributing strain
and leading to wider cracks near the sleeve. This can enhance energy dissipation and strain
redistribution, improving the seismic performance and ductility of the structure. However, wider
cracks also weaken the bond between the concrete and rebar, reducing the concrete's ability to
transfer forces effectively. This can lead to localized failure in the concrete, potentially compromising
the wall's overall integrity. Therefore, sleeve length must be carefully balanced to optimize seismic
performance while minimizing the risk of localized damage from excessive crack widths.
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Fig. 8 - (a) Load-displacement graph under cyclic loading for DC3 sample, showing the load-
displacement relationship with stiffness reduction as cracks form. (b) Crack geometry and (c) crack
shape, highlighting the distribution and key fractures leading to rebar failure.
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Fig. 9 - Strain distribution along the reinforcement in various samples, illustrating the variation in
strain at different locations along the reinforcement for each sample.

For cyclic loading tests, the cracking pattern is highly similar to observed monotonic loading.
Because of strain penetration into foundation, in samples subjected to cyclic loading, rebar fracture
occurred for both BM2 and BM3 at joint region along member and foundation element. In addition,
out-of-plane buckling is an overriding reason for change in rebar fracture location. Out-of-plane
buckling is also a substantial reason for rebar fracture in the middle region. Nevertheless, numbers
and patterns of cracks in sleeved samples (DC1 and DC3) are diverse and various, out-of-plane
buckling in both samples occurred at the average strain. Such evidence confirms the relationship
between buckling and average axial deformation. Since crack widths do not represent strain
distribution before buckling, henceforth, no analysis could be practiced on uniform elongation of such
samples. Subsequently, rebar-concrete debonding effect on boundary element’s seismic behavior
in shear wall with minimum reinforcement is investigated via two perspectives:

1) Impact of longitudinal reinforcement strain on buckling instability
2) Impact of longitudinal reinforcement strain on drift

Table 2 summarizes findings for cracking in sleeved and sleeveless samples under cyclic
loading. It covers both buckling and corresponding state to rebar fracture. Based on demonstrated
findings in Table 2 and also taking into account the average strain upon buckling for both sleeved
and sleeveless samples, it is more likely to deduce that comparing to sleeveless samples, sleeved
samples experience buckling at minimum strains. Furthermore, it can be claimed that sleeve length
does not play a crucial role in buckling control of boundary element. The experimental results
demonstrate that the fracture strain of the rebar increases from 0.088 in the case of no sheath to
0.098 when a sheath with a length of 240 mm is used. This represents a 12% improvement in the
fracture strain of the rebar. This enhancement highlights the potential of the rebar-concrete
debonding mechanism to improve the ductility and deformation capacity of reinforcement, thereby
contributing to better seismic performance of shear wall boundary elements. With the weakening of
the bond between the rebar and concrete near the sleeve, the ability of the concrete to transfer axial
and shear forces to the reinforcement is diminished. This can result in premature rebar fracture or
failure at the sleeve location, which could limit the wall's overall capacity to resist seismic forces.
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Tab. 2 - Summary for cracking in different elements under study
Samp Crack Number and Width (mm) Sample Average

le Failure Mode Elongation Strain

1 2 3 4 5 | 6 (mm) esm1

Buckling 5 4 9* 7 7 32 0.032

BC Rebar 20 | 19 | 14 | 21 | 25 | 12 88 0.088
Fracture

Buckling 10* 5 9 -- -- 32 0.032

BC2 | Rebar | o5 | yge | 22 |18 | ~ | - 84 0.084
Fracture

Buckling 3 6* 5 -- -- 18 0.018

DCA Rebar 7 | 24 | 23 5 | - 65 0.065
Fracture

Buckling 5 7* 2 4 -- -- 18 0.018

DC3 | Rebar | o) J g | 6 | 32| ~ | - 98 0.098
Fracture

*Maximum crack width upon initial buckling in sample
**Rebar fracture

One of the key applications of the strain distribution diagram along the element is to assess
both the maximum local strain within the reinforcement and the uniform strain distribution along the
entire length of the element. This analysis is crucial for understanding the strain variation and
identifying potential points of failure within the reinforcement during loading. The uniform strain is
calculated by dividing the total elongation, which is derived from summing all local strains along the
reinforcement, by the total length of the reinforcement. The values for both the uniform and maximum
strains, as measured in the sleeved and sleeveless samples, are presented in Table 3. It is totally
worthwhile to notify that maximum strain values obtained are not caused only by axial deformation.
They are also dramatically affected by bending deformation. As the sleeve length increases, the
debonding effect becomes more pronounced, leading to a concentration of strain near the sleeve
edges. This can cause localized concrete cracking or spalling, reducing the concrete's ability to
transfer forces effectively and compromising the overall structural integrity.

The observed instability in sleeved samples at lower strains can be attributed to stress
concentrations near the edges of the sleeves. The debonding effect, induced by the plastic sleeves,
weakens the bond between the rebar and concrete, leading to a redistribution of strain along the
reinforcement. This redistribution causes localized stress concentrations near the sleeve edges,
which can initiate buckling or other forms of instability at lower strains compared to unsleeved

samples.

Tab. 3 - Elongation and Deformation Data Taken from Samples

Average

©

Sample | Elongation Avergge Unif_orm Maximum Perm_issible gcrt ecr
(mm) Strain * | Strain ** | Strain ** Drift
BC1 88 0.088 0.085 0.361 0.041 0.032 0.0176
BC2 84 0.084 0.087 0.357 0.031 0.032 0.0176
DC1 65 0.065 0.0251 0.170 0.023 0.018 0.0176
DC2 25 0.025 0.0418 0.226 0.009 0.0176
DC3 98 0.098 0.0423 0.382 0.035 0.018 0.0176
* Ratio of elongation to sample length
** Obtained via relationship between stiffness and strain.
1 Obtained via Dezhdar and Adebar’s proposed method [33].
I Tensile strain corresponding to first out-of-plane buckling.
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Figure 10 compares expected and actual drift capacity of samples. Such capacities are
compared to rebar strain in various samples under study. Based on findings, regarding sleeved and
sleeveless samples, there are sufficient evidences to deduce that an increase in sleeve length can
somehow affect drift capacity of element. On the other hand, crack and strain concentration in DC2
brings about weak drift capacity. Henceforth, failure occurs as a result of rebar fracture at minimum
deformations before buckling.

0.2

Demand: Mean -
0.18 | — — —-pemand: Mean+Stand. Dev. .
e Capacity -7
0.16 - 7 i

Axial Strain

0 1 1 Il 1 1 Il
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Drift
Fig. 10 - Comparison of expected and actual drift capacities of samples compared to rebar strain

The findings indicate that while rebar-concrete debonding can enhance strain distribution and
delay buckling, improper implementation may lead to premature failure. These results suggest that
design guidelines for implementing rebar debonding mechanisms should consider not only the
benefits but also the potential risks of localized strain concentration. Future work could explore
optimized sleeve geometries and material properties to mitigate these risks, thereby improving the
seismic resilience of reinforced concrete shear walls. Building on these insights, our study
hypothesizes that introducing a rebar-concrete detachment mechanism (via plastic sleeves) can
address the strain concentration and improve strain distribution along the rebar. This approach aims
to reduce the likelihood of localized fractures, as observed by Hoult et al. [9], and to optimize the
behavior of the reinforcement, extending the principles identified by Fantili et al. [10] to the context
of shear walls. By experimentally investigating this hypothesis, we seek to provide a novel
mechanism for enhancing the seismic performance of minimum-reinforced boundary elements.

While rebar-concrete debonding offers significant benefits, such as improved strain
redistribution and energy dissipation, it also introduces potential risks. The concentration of stress
near the sleeve edges can cause localized concrete failure, reduce force transfer between the
concrete and rebar, and increase the likelihood of premature rebar fracture or buckling. Therefore,
the use of debonding must be carefully controlled to balance its seismic benefits with the risks of
localized damage and reduced lateral stiffness. This study presents a novel investigation into the
effect of rebar-concrete debonding in shear walls with minimum reinforcement, an area that has not
been extensively studied in the literature. While previous research has focused on traditional
reinforcement strategies, our findings provide new insights into the seismic performance of walls with
minimum reinforcement, revealing both the benefits, such as improved strain redistribution, and the
risks of localized failure due to stress concentrations near the sleeve edges.

Based on the findings of this study, several recommendations for updating seismic design
guidelines are proposed. First, standardizing sleeve dimensions within a range of 80 mm to 220 mm
would provide flexibility in addressing different levels of rebar debonding effects while maintaining
structural integrity. Second, optimal sleeve placement should be considered, with sleeves placed at
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mid-height or near critical regions of the shear wall to ensure effective strain redistribution and
minimize stress concentrations. Finally, sleeve length and placement could be adjusted according
to the seismic risk of the region. In areas with higher seismic activity, longer sleeves may be
necessary to enhance strain redistribution, while in lower seismic risk regions, shorter sleeves could
be more appropriate to achieve the desired performance without compromising the overall stability
of the wall.

CONCLUSION

The present study experimentally investigated rebar debonding effects on boundary
element’s seismic performance in reinforced-concrete shear walls with minimum reinforcement.
Thereupon, fully experimental tests were conducted on diverse samples applying asymmetric cyclic
loading for both sleeved and sleeveless samples. Ultimately, evaluation developed at strain
distribution along element and buckling of boundary element. Based on conducted experiments and
analyses:

e Concrete-rebar debonding reduces the lateral stiffness of boundary element. Hence,
compared to debonding free element, buckling occurs at minimum strains.

o Larger dimensions are required for sleeved sample to prevent buckling. For instance, under
a longitudinal reinforcement ratio of 0.351%, the maximum tensile strain prior to buckling is
approximately 0.02 for unsheathed specimens and 0.032 for sheathed specimens. These
values are notably lower than the anticipated tensile strain capacity of the elements. Such
values are less than expected tensile strain capacity for elements.

e Sleeved rebars experience cracks at distances 5¢ to 7.5¢ (¢ is the diameter of the
longitudinal rebar) from end of sleeve location. Cracks adjacent to sleeved length have the
largest width. This crack is expected to release deformation along sleeve.

e The results indicate that the fracture strain of the rebar increases from 0.088 in specimens
without a sheath to 0.098 in those utilizing a 240 mm-long sheath. This enhancement
represents a 12% improvement in the fracture strain of the rebar.

e Anincrease in rebar debonding length increases the crack width near sleeving. Nevertheless,
sleeving length does not affect first buckling of sample or axial elongation of samples.

¢ Rebar-concrete debonding using plastic sleeves offers a practical method to redistribute
strain, delay buckling, and improve fracture strain capacity in reinforcement. This technique
can enhance the seismic performance of shear walls in cost-sensitive, minimum-
reinforcement projects. Proper sleeve length and placement are crucial to maximize benefits
and minimize localized strain concentrations.

e The findings suggest the need for updated design guidelines to incorporate rebar debonding
mechanisms. Recommendations should address sleeve dimensions, placement, and
materials to encourage safer and more resilient seismic designs in reinforced concrete
structures.

This study introduces a novel mechanism for mitigating out-of-plane buckling in shear wall
boundary elements by leveraging rebar-concrete debonding. By selectively incorporating sleeving
around the rebar, the study demonstrates the potential to improve strain distribution, increase
fracture strain capacity, and delay buckling under seismic loading. This approach is particularly
beneficial for structures with minimum reinforcement, where conventional methods may fail to
prevent premature buckling. These findings provide a practical and cost-effective strategy for
enhancing the seismic performance of reinforced concrete shear walls, offering a significant
advancement over existing design methods.
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The findings of this study have significant practical implications, especially for retrofit projects
and cost-sensitive scenarios where minimum reinforcement is common. Rebar-concrete debonding
provides a cost-effective method to improve seismic performance in both existing structures and new
buildings, where budget constraints may limit the amount of reinforcement. This technique enhances
energy dissipation and reduces the risk of premature buckling, offering a valuable solution for
improving structural resilience without significant additional costs.
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ABSTRACT

In this study, the seismic performance of prefabricated bridges connected by grouted sleeves
has been evaluated. 12 sleeve specimens and 4 cast-in-place specimens with varying anchorage
lengths and water-to-cementitious material ratios were fabricated to investigate the bond-slip
performance by uniaxial tension test based on the constitutive relationship of grouted sleeves and
bond-slip behaviour between rebar and concrete. A finite element (FE) model was proposed to
analyse the prefabricated bridge substructure, considering bond and slip between rebar and sleeve.
The corresponding seismic performance under simulated seismic effects was investigated using a
multi-angle analysis method. Also, parametric investigation using FE analysis was performed to
examine the influence of various parameters on the seismic performance of the specimens. The
experiment results showed minimal bonding performance differences between the grouted sleeve
specimens and the cast-in-place specimens, indicating that the grouted sleeve connection satisfies
the connection performance requirements. The simulation results show that the typical damage form
of the prefabricated bridge substructure connected by grouted sleeves is bending, the shape of the
hysteresis loop is either shuttle or bow, with the slope of the descending section of the skeleton curve
varied not significantly because of the excellent ductility, and the ultimate bearing capacity and
cumulative energy consumption of prefabricated Pier- Bent Cap were 83.3% and 82.0% of RC
specimen, separately. The results corroborate the excellent seismic performance of prefabricated
bridge substructures connected by grouted sleeves.

KEYWORDS

Bond-slip test, Grouted sleeve, Prefabricated bridge substructure, Finite element analysis
(FEA), Seismic performance
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INTRODUCTION

In recent years, rapid advancement in assembly technology has been seen due to its
advantages, such as reduced construction time, low pollution [1]. In addition, the development of
prefabricated bridges is also relatively rapid, and prefabricated abutment technology become a new
research area in bridge engineering for its fast construction, low interference, and small post-
earthquake residual displacement [2]. However, prefabricated bridges have not gained significant
attention due to their instability under seismic excitations [3]. When an earthquake occurs, the
substructure is the most vulnerable to damage, leading to structural damage to the entire bridge.
Therefore, ensuring the safety and stability of the substructure is crucial. Since the safety and
stability of the substructure focus on the connection between the columns and pile cap, as well as
between piers and the cover beam [4]. Consequently, whether the connection type can meet the
requirements of connection performance and improve the seismic performance of prefabricated
bridge substructure must be addressed.

Many studies have been performed on the connection between precast concrete members.
Among all the connections, the grouted sleeve connections are among the most effective
connections for prefabricated bridge substructures [5,6]. Many factors affect the connection
performance of the grouted sleeve, such as the location of the sleeve connector, the anchorage
length of the reinforcement, and the performance of the grout. Lu et al. [7] concluded that grouted
sleeves with threads exhibit better connection properties. However, most studies were mainly
focused on one type of connector. Comparative studies on the mechanical performance of two types
of connections (grouted sleeve and cast-in-place) are still sparse. In addition, prefabricated bridges
are primarily used in low-seismic and non-seismic fortification areas, with limited application in
moderate and high-intensity regions mainly due to the uncertainty of the seismic performance of
prefabricated bridges. Liu et al. [8] and Haber et al. [9] conducted a large number of tests to confirm
that prefabricated bridge substructures with grouted sleeve connections have seismic performance
comparable to that of cast-in-place, indicating that the sleeve joints significantly affect on the
hysteretic response when they are at the location of the plastic hinge. There are two widely used
methods to study the seismic performances of prefabricated bridges: the first uses model
experiments [9,10], which is accurate but with significantly high experimental effort, whereas the
other method is realized by finite element (FE) simulation [11], which is computationally efficient and
easy. Nevertheless, it cannot determine the actual force in the grouted sleeve and the influence of
the sleeve connections on the whole prefabricated bridge substructure. Thus, the simulation results
are usually not accurate enough. Besides, in the current simulations, the bond-slip effects of
reinforcement and concrete are generally ignored, which may also reduce the simulation accuracy.
There are relatively few studies on sleeve connectors with different parameters and fabricated bridge
substructures with other parameters, and they have not formed a systematic control analysis.
Therefore, conducting relevant experimental and numerical simulation studies is imperative to fill the
research gaps in parametric analyses.

As is well known, the results of full-scale tests can be replaced effectively by finite element
based reasonable constitutive and parameter values, and costs reduced significantly. Therefore,
results of sleeve connections tests used as the original parameters for full-scale seismic performance
analysis of prefabricated Pier- Bent Cap is an effective solution. In this paper, the mechanical
properties of sleeve connectors were experimentally analyzed to clarify the reliability of sleeve
connections and the constitutive relations to be subsequently used in finite element analysis (FEA).
Afterward, FE-based models were developed to delve into the seismic performance of bridge
substructures that employ sleeve connections under earthquake. These models were then used to
conduct a parametric investigation to provide a deeper understanding of how the critical parameters
affect the seismic performance of the assembled bridge substructure.
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MATERIAL AND METHOD

Raw materials

In order to study the connection performance of the grouted sleeve connectors, 12 sleeve
connection specimens were designed and fabricated, with two specimens in each set. Using TT
represented grouted sleeve connection specimens. TT-120-0.1 represents the anchorage length of
this connection specimen, which is 120 mm, and its water-material ratio is 0.1. Cast-in-place
comparative specimens were designed and labelled as XJ. The developed specimens were cured
in an underground curing room. Specimen preparation is shown in Fig. 1. The material properties
and parameters of the grouted sleeve were determined following JG/T398-2019 [12]. The cast-in-
place specimens were formed by C40 concrete, and the cubic compressive strength of the concrete
was measured at 42.9 MPa. In this test, HRB400 rebar with d=12mm and C40 concrete were chosen.
In order to determine the bonding strength of grout, the bond-slip test was conducted, which showed
that the initial bond-slip of grout with different water-to-cementitious material ratios is greater than
300 mm, and all grout could meet the workability requirement. In addition, the compressive strength
of the grout was tested according to GBT17671-2021[13], confirming that all grouts met the target
strength requirement.
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Fig. 1 — Specimen preparation

Sensor arrangement and Loading process
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Strain gauges for rebar were arranged 30 mm away from the top and bottom of the sleeve
(as shown in Figure 2(a) or 30 mm away from the concrete edge of the cast-in-place specimen (as
shown in Figure 2(b). The sleeve specimen was divided into four equal-length parts, and then six
strain gauges were affixed axially and symmetrically at the equal points, numbered T1-T6, as shown
in Figure 2(c). Meanwhile, the cast-in-place specimen was divided into three equal parts. Four strain
gauges were affixed axially and symmetrically in each equal part, labelled X1-X4, as shown in Figure
2(d). For displacement sensors, one was arranged 50 mm away from the top and bottom of the
sleeve or 50 mm away from the concrete edge of the cast-in-place specimens. MTS universal testing
machine was used in this test. The force-controlled loading mode was selected with a rate of 500N/s
before specimen yielding, while the displacement-controlled mode was adopted with a rate of
0.25mm/s after yield.

TEST RESULTS AND DISCUSSION

Test phenomenon and failure patterns

Failure patterns and grouting failure for these sleeve specimens under uniaxial tension are
shown in Figure 3 and Figure 4. When critical damage occurred, when the two bonds reached the
maximum bond strength and the reinforcement did not reach the ultimate strength, the reinforcement
was pulled out. The sleeve connector specimens showed slight displacement of the reinforcement
first, followed by a yielding phase. Microcracks appeared in the grout, and the slip between the grout
and the rebar increased significantly. Then, the slip of both continued to increase, and the grout at
the ports spalled off.

v £ J "“‘.‘ ’v T 3
a) Bar fracture failure  b) Bar pull-out failure  a) Bar fracture failure b) Bar pull-out failure

Fig.3 — Failure patterns of the grout sleeves Fig.4 — Grouting crushing

a) Concrte splitting b) Rr pull
Fig. 5 — Failure patterns of cast-in-place specimens

Failure patterns for these cast-in-place (CIP) specimens under uniaxial tension are shown in
Figure 5. As the specimens yielded, concrete microcracks appeared and developed from the
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boundary to the center, and the rebar showed significant slippage. As the specimens entered the
strengthening stage, a small amount of concrete was dislodged, cracks of varying degrees appeared,
and slip continued to increase in this stage.

Load-strain curves

Figure 6 shows the load-strain curves of some grouted sleeve specimens. The sleeve strains
of all specimens showed an overall increasing trend. The strains (T2, T5) in the middle of the sleeve
are larger than the other four strains (T1, T4 & T3, T6). Since the reinforcement did not yield, the
surface of the embedded rebar portion remained in contact with the grout, and the tensile force of
the rebar was effectively transmitted to the inner wall of the sleeve through the grout. The strain of
the corresponding sleeve increased from the outside to the inwards, with the maximum strain
occurring in the middle of the sleeve. However, it began to elongate and thin when the steel at the
end of the sleeve entered the yielding phase. Consequently, the outer surface of the rebar was no
longer in close contact with the grout. Subsequently, wedge-shaped damage occurred, resulting in
a reduced tensile force transmitted to this section of the sleeve through the grout and decreased
strain in the end region of the sleeve. Then, the effective restraint of the sleeve on the rebar shifted
inward, and the corresponding strain inside the sleeve continued to increase, with the maximum
strain value still occurring in the middle of the sleeve. Figure 7 shows the reinforcement strain inside
the grouted sleeve to explore the stress-strain relationship. The maximum and minimum strains of
the rebar were around 3000x10¢and 2000x10, respectively. The strain in the upper reinforcement
of the TT-0.10-100 specimen was only about 1500x10°, while the reinforcement did not reach the
yield point. The strains in the upper reinforcement in all four specimens (TT-0.10-70, TT-0.12-100,
TT-0.12-70&TT-0.12-50) were around 2000x10°, and the strain value also did not meet the
requirement for the reinforcement to yield. In summary, the upper reinforcement inside the grouted
sleeve was either yielding or not yielding. In the meantime, the lower reinforcement reaches its
ultimate strength, and the strain of the lower reinforcement is greater than that of the upper
reinforcement. As the length of the embedded rebar increased, the restraining effect of the sleeve
on the rebar became more pronounced.

Figure 8 shows the load-strain curve of CIP specimens. It is found that the strain of CIP
specimens gradually increased with the load. Except for the strain at X2 of XJ-120-C40, which was
greater than -250x10%, the strains of other specimens were less than -150x10. The strains (X2, X4)
were approximately -250x106, while the strains (X1, X3) were approximately -40x10%. The strain
increase of the lower concrete (X2, X4) of the specimens was significantly faster than that of the
upper concrete (X1, X3), which is attributed to the strain disparity in the upper and lower parts of the
specimens. The load-strain curve for reinforcement of the CIP specimen is shown in Figure 9. The
reinforcement strain on XJ-200-C40 was more than 3000%x10, and the reinforcement strains on XJ-
160-C40 and XJ-80-C40 were not more than 2500x10°8, indicating a slight difference.
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Fig. 6 — Load-strain curves of grouted sleeve
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Bond stress and slip of the connections

The average bond stress 1 of the reinforcement and grout and concrete is the ratio of the
peak load to the anchorage area, as given in Equation (1). The slip of the rebar Ss is the difference

between the displacement of specimen S and the elongation of the rebar necking is defined in
Equation (2).

P

T:;z_:zz (1)
4PN

S, =8~ d”zE (@)
T S

where P, is the peak load; / is the anchorage length; Al is the distance between the fixture and the
top of the bonded area; E; is the elasticity modulus of reinforcement.

The average bond stress and slip of the grouted sleeve and cast-in-place connectors could
be obtained based on the equations and experimental data. It can be seen that when the water-to-
cementitious material ratio was 0.10, the specimens experienced fracture failure of the rebar. When
the water-to-cementitious material ratios were 0.12 and 0.14, the TT-0.12-50 and TT-0.14-50
specimens exhibited pull-out failure of rebar. The average bonding stress of the TT-0.12-50 and TT-
0.14-50 specimens was 1.92 and 2.23 times the 120mm anchorage length under the same
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conditions, respectively. The rebar slips of the TT-0.12-50 specimen increased by 25.6% compared
to the TT-0.12-120 specimen. The average bonding stress of the XJ-200-C40 and XJ-120-C40
specimens was determined as 8.51MPa and 11.89MPa, respectively, while the corresponding rebar
slips were 9.20mm and 9.49mm. The disparity in the average bonding stress is because the contact
area between the reinforcement bar and the grout was increased with the increasing anchorage
length, and the stress transfer between the grout and the reinforcement was strengthened. Therefore,
to avoid pull-out failure of rebar in the actual project and to ensure the safety and stability of the
component, it is recommended that the anchorage length of the sleeve specimen be taken as=8.3/,
and the anchorage length of the cast-in-place specimen be taken as 2101,

It is inferred from Table 1 that the TT-0.10-120 specimen and the XJ-200-C40 specimen
exhibited the best mechanical performance among the two connection types. In addition, the table
enlists a performance comparison of the two specimens, revealing minimal differences in peak load
and slip between the sleeve and cast-in-place connections, indicating that the grouting sleeve
connection meets the bond performance requirements.

Tab. 1 - Average bond stress and slip of specimens

Reinforcing bar Average bond

Serial No. Peak load/kN Slip/mm
stress/MPa stress/MPa
TT-0.10-120 64.81 573 14.33 9.32
TT-0.10-100 63.33 560 16.81 10.53
TT-0.10-70 61.65 545 23.37 11.28
TT-0.10-50 60.37 534 32.04 12.45
TT-0.12-120 64.33 569 14.23 10.31
TT-0.12-100 63.09 558 16.74 10.93
TT-0.12-70 61.03 540 23.14 11.27
TT-0.12-50 60.84 538 32.29 12.95
TT-0.14-120 64.60 571 14.29 10.67
TT-0.14-100 62.86 556 16.68 11.30
TT-0.14-70 62.96 557 23.87 13.84
TT-0.14-50 60.05 531 31.87 9.38
XJ-200-C40 64.13 567 8.51 9.20
XJ-160-C40 61.90 547 10.27 11.55
XJ-120-C40 53.76 475 11.89 9.49
XJ-80-C40 48.92 432 16.23 6.10

FINITE ELEMENT ANALYSIS (FEA)

The seismic performance of the assembled bridge substructure was analyzed using the
ABAQUS finite element (FE) method. First, the bond-slip constitutive relationship for reinforced
concrete was proposed. Then finite element models (FEMs) were developed based on this
constitutive relation. In order to ensure the reliability of the subsequent calculations, the numerical
results were verified against test results to validate the rationality and reliability of the proposed
method. Then the FEMs of assembled bridge substructure specimens and cast-in-place bridge
substructure specimens were developed on this basis to assess the seismic performance of
assembled bridge substructure from multiple angles.
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FE Models

FEA was used to simulate to assess the damage mechanism of the assembled bridge
substructure. Three sets of FEMs, PC-01, PC-02, and RC, were designed in this section. FEM
comprises a bearing platform, cover beam, column, sleeve, and reinforcements, where the
reinforcement ratio of the piers was 1.14%, which meets the requirements of the code in the range
of 0.6%~5%, as shown in Figure 10. The parameters of the model specimen and material are shown
in Table 2 and Table 3, respectively. The concrete was modeled by C3D8R, while the reinforcement
was simulated by T3D2. One difficulty in the modeling was simulating the bond stress-slip
relationship between the reinforcement and grout. Bond behavior between reinforcement and grout
is little available in the literature. Thus, the bond-slip relationship between reinforcement and
concrete is proposed using experimental data.
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Fig. 10 — Dimensions and reinforcement of three sets of models

Tab. 2 - Model parameters

Axial

Specimen Connection of Pier- Bent . . . Reinforcement
Connection of Pier-Pile Cap Pressure
No. Cap . Rate
Ratio
PC-01 grouted sleeve connection Grouting sleeve connection 0.3 1.14%
PC-02 grouted sleeve connection cast-in-place 0.3 1.14%
RC cast-in-place cast-in-place 0.3 1.14%
Tab. 3 - Material parameter values
Elastic . Yield Ultimate Invariant . Strain ) )
) Poisson' Expansion ) Viscosity
Material  Modulus . Strength  Strength  Stress hardening .
s Ratio ] Angle Coefficient
/GPa /MPa /MPa Ratio exponent
Sleeve 210.0 0.3 395 600 / / / /
Steel Bar 200.0 0.3 335 429 / / / /
Concrete 32.5 0.2 / / 0.67 38 0.1 0.005
Grouting 41.0 0.2 / / 0.67 38 0.1 0.005

Bond-Slip Constitutive Relation

Based upon the sub-section titled ‘Bond stress and slip of the connections, a constitutive
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relation considering bond-slip between reinforcement and concrete was proposed. A three-stage
constitutive model was selected to simulate the bond-slip constitutive relation of reinforced concrete
under uniaxial tension, as shown ir Equation (3) [14]. The ong-sli urves of the connectors can
be divided into the micro-slip stage,s_;ﬁe slip acceleration sté@é | %‘S decline stage.

r= 1T+ (Z—Zﬁ) (S = S5)? (Ss<S<S,) 3)
where s is the end point of th iprdéﬂ?;qu-tly@éorrespondinquacss«gessg and slip are expressed
by rsand Ss; u is the maximu poin%f He bond-slip curve; r,and S, denote the corresponding bond
stress and slip; ris the break point of the connection reinforcement; the corresponding bond stress
and slip are expressed by r-and S..

The characteristic points (s, y, r) in the three-stage constitutive model for the connection were
decided based on the statistical analysis of the bond-slip data, as listed in Table 4. Then, using
Equation (3), the bond-slip curves of TT-0.10-12 and XJ-200-C40 were fitted. It could be seen that
the fitting results are approximately the same as the test results, indicating that the three-stage
constitutive model matches the bond-slip curves of the two specimens well, as shown in Figure11.
And the probability of bond-slip damage in XJ-200-C40 is greater than TT-0.12-200. Therefore, the
fitted bond-slip curve of XJ-200-C40 was selected as the bond-slip constitutive relation of reinforced
concrete for numerical simulations.

Tab.4 - Parameter values for the characteristic points

Specimen No. s IMPa Ss /mm r/MPa Sy/mm 7. /MPa S/mm
XJ-200-C40 6.7 1.79 8.51 9.20 7.46 10.89
TT-0.10-120 11.25 1.19 14.33 9.32 11.63 12.57
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Fig. 11— Comparison of bond-slip curves

Model validation

In this paper, the test data were taken from the mechanical performance test of a
prefabricated bridge pier by Huang [15]. ABAQUS was used to simulate the static performance of
the prefabricated pier connected by the grouted sleeve, and the reasonable parameters were
compared with the experimental results.

The failure pattern, stress nephogram, compressive damage nephogram, and tensile
damage nephogram of specimens are shown in Figure 12 to Figure 13. The ultimate failure was
represented by concrete crushing and peeling on the loading direction of the pier. The corner (lower
left corner of Figure 12) was severely affected by concrete crushing and peeling. In addition, within
approximately 20 cm from the base of the pier, the concrete was completely damaged, with
compressive-flexural failure being the primary type of failure. The FE simulation successfully
matched the cracking development, and the model failure patterns were identical to the specimens.
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a) Stress b) Compressive damage c) Tensile damage

Fig.12— Failure pattern Fig. 13— Nephogram of stress,compressive damage and tensile
damage

The hysteresis and skeleton curves of the FEA and prefabricated specimens are shown in
Figure 14. The hysteresis loops of the FEA and prefabricated specimens became gradually complete
with increasing displacement. The envelopes of hysteresis curves were quite similar and showed
excellent pinching effects and energy dissipation. The numerical simulation result of the skeleton
curve was consistent well with the experimental result. The ultimate load and displacement
simulation errors were 1.7% and 4.2%, respectively, validating model accuracy.
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Fig. 14 — Hysteresis curve and Skeleton curve of grouting sleeve specimen

FEA results

Analysis of damage pattern

Figure 15 (a)-(f) showed the stress distribution of the FEM. Significant bulging occurred as
significant stress was experienced on both sides of the loading direction. The stress was
concentrated in the plastic hinge area at the bottom of PC-02, but was mainly exhibited at the top
and middle of PC-01. Compared with PC-01 and PC-02, the maximum vyield stress value and larger
yield area indicate that the RC model had the best overall stability, as shown in Figure 15 (a)-(f).
Then, Figure 15 (g)-(l) further revealed the damage process of the model. First, the model
experienced cracks on both sides of the column, which gradually developed into 45-degree diagonal
cracks and rapidly expanded toward the point of concentrated load. Due to the effect of grouted
sleeves, the plastic hinge region at the bottom of PC-02 was longer than the RC specimens, and
higher compressive damage was experienced at the bottom of the column. The plastic hinge region
at the bottom of PC-01 was similar to the RC specimens. The concrete at the bottom of the column
was stripped and failed, and the rebar yielded with the cracks developed, resulting in the specimen
being crushed. The specimen exhibited a bending failure mode. The specimen experienced severe
tension damage on both sides of the concrete, which gradually developed towards the column.

@ DOI 10.14311/CEJ.2025.02.0012 178



Article no. 12
CIVIL

ENGINEERING THE CIVIL ENGINEERIN RNAL 2-202
ODERRL C G G JOuU 025

Concrete at the bottom of the column for PC-01 and PC-02 experienced significantly higher tension
damage than the RC specimen. The RC specimen experienced the least tension damage, indicating
excellent stability. The PC-01 experienced moderate tension damage and did not exhibit a propensity
to propagate towards the column, whereas PC-02 experienced the most severe tension damage and
tended to develop to the column. Lastly, Equivalent plastic strain clouds of the model are presented
in Figure 15 (m)-(0). Significant equivalent plastic strain at both sides of the column gradually
developed towards the column. The equivalent plastic strain at the bottom of the PC-01 and PC-02
was more significant than the RC specimen. No slip phenomenon was observed at the bottom of
PC-02 and RC columns, while there was a noticeable slip phenomenon at PC-01.

a) PC-01 stress  b) PC-02 stress ¢) RC stress d) PC-01 e) PC-02 steel
cloud cloud cloud steel stress stress cloud

cloud

EEESE T EEEIEE EEizEd
f) RC steel g) PC-01 h) PC-02 i) RC j) PC-01

stress cloud compressive compressive compressive tensile
damage cloud damage cloud damage cloud damage cloud

amRsE

k) PC-02 ) RC tensile m) PC-01 n) PC-02 equivalent o) RC equivalent
tensile damage cloud  equivalent plastic  plastic strain cloud plastic strain
damage cloud strain cloud cloud

Fig. 15— Stress-yield, compressive-tensile damage, and equivalent plastic strain clouds for models
Comparative analysis of seismic performance

The seismic performance response of cast-in-place bridge substructure (RC) and grouted
sleeve connection precast bridge substructure (PC) are shown in Figure 16 through Figure 18 and
Table 5. Figure 16 and Figure 18 show minimal differences between the hysteretic and skeleton
curves between the RC and PC. The hysteretic curves of the three specimens showed a full or
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shuttle shape, indicating the specimens with strong plastic deformation ability. In addition, the
pinching phenomenon of the hysteresis curve of PC-01 was a bit obvious. The ultimate bearing
capacities of the PC-01, PC-02, and RC are 136.9 kN-m, 153.1 kN-m, and 183.8 kN-m, respectively.
The RC specimen had the highest ultimate bearing capacity compared with PC-02 and PC-01. The
ultimate bearing capacity of PC-01 was 74.5% of RC. Similarly, PC-02 was 83.3% of RC. In Figure
17, it can be seen that the cumulative energy consumption of RC and PC were similar. The final
cumulative energy consumption of RC is 18% higher than that of PC-02; meanwhile, PC-01 is 27.2%
lower than that of PC-02. In summary, the final cumulative energy consumption of PC-01 was slightly
lower than that of RC, but PC-02 exhibited a similar level to that of RC. Further, Figure 18 shows
that the stiffness degradation curves of RC and PC were almost identical. First, the slope of stiffness
degradation was large in the initial stage and then gradually tended to level. The maximum cut-line
stiffness of PC-01, PC-02, and RC were 22639.2kN-m, 23930.4kN-m, and 24561.7kN-m,
respectively. The initial stiffness of PC-01 was smaller than that of RC, while the stiffness
degradation of PC-02 was slightly greater than that of RC. Based on Table 5, the yield displacement
of PC-01, PC-02, and RC were 6.3mm, 6.5mm, and 8.1mm, respectively. Meanwhile, the ultimate
displacement of PC-01, PC-02, and RC were 21.5mm, 21.6mm, and 25.2mm, respectively. The
displacement ductility coefficient of PC-01and PC-02 were 110.6% and 107.7% respectively, when
compared with RC. Indicating that the prefabricated bridge substructure with grouted sleeve
connection had better ductility. In summary, the seismic performance of PC reached a similar degree
to that of RC.
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Fig.16 — Hysteresis curves of the developed models
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Tab.5 - Results of the FEMs

Ultimate bearing Yield Ultimate cumulative Maximum cut-
No. capacities displacement displacement energy line Ductility
/KN-m /mm /mm consumption/kN-m  stiffness/kN-m
PC-01 136.9 6.3 21.5 40.2 22639.2 3.44
PC-02 153.1 6.5 21.6 58.2 23930.4 3.35
RC 183.8 8.1 25.2 77.7 24561.7 3.11

PARAMETRIC INVESTIGATION

Determination of parameters

A parametric investigation to analyze the effect of different design variables (axial
compression ratio, hoop reinforcement ratio, and concrete strength) on the seismic performance of
prefabricated bridge substructure with grouted sleeve is presented in this section. PC-01 was
selected as the control specimen for the parametric analysis. Each subsection is briefly described in
terms of adjusted variables, and the outcomes are discussed.

Effect of axial pressure ratio

The axial pressure ratios of the developed models were 0.3, 0.2, and 0.1, respectively, while
other parameters were the same. Seismic performance response parameters of the prefabricated
bridge substructure connected by the grouted sleeve with a different axial pressure ratio are shown
in Figure 19, which indicate that the axial pressure ratio had a remarkable effect on the seismic
performance of the prefabricated bridge substructure. It is also observed that the ultimate bearing
capacity and cumulative energy consumption increased by 28.4% and 14%, respectively, with the
axial pressure ratio increasing from 0.1 to 0.2. Meanwhile, the ductility factor increased by 28.1%
(Table 6). With the axial pressure ratio of the model increased from 0.2 to 0.3, the ultimate bearing
capacity and cumulative energy consumption increased by 18.6% and 29.3%, respectively, while
the ductility factor of displacement decreased by 4.4%. In addition, the maximum secant stiffness
values for models were 14,969.4kN-m, 20,307.9kN-m, and 22,639.3kN-m, respectively. When the
axial pressure ratio of the model increased from 0.1 to 0.3, the ratio of final cut-line stiffness to initial
cut-line stiffness was 9.3%, 10.1%, and 11.2%, respectively. As the axial pressure ratio increased,
the peak bearing capacity, cumulative energy consumption, and stiffness obviously increased, the
ductility factor of displacement increased and then decreased.

@ DOI 10.14311/CEJ.2025.02.0012 181



Article no. 12

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 2-2025
JOURNAL
_E Comparison of ] Comparison € Comparison of 25000 .
= 150 hysteresis curves_; E 130 of skeleton curves *. - 20 Cumulative energy dissipation _ £ 4 0.1
7 - Z18 5 - - 02
¥ 100 (7= Z 1004 i L5 01 H Z 20000 * 0
= (fra7 S 50 fr c .7 02 »: X \ ) -
5 77 5 f S 1M 03 7 2150001 - Comparison
g 0 £ 0 { E‘}S 'é;: 2 "\, of stiffness degradation
. [*] { P
E s0] o1 50 .. 4 38 | 10000
c y : o B =01 ¢ g w2z
5-100 4 S 02 £4100) g T ~02 84 £ € 5000
& — 03 he] * i s e
&-150 5-150] 03 Z2 . H s ==
= 4l
-0.04 -0.02 0.00 002 004 @™ o4 -0.02 000 002 004 2 0 T3 5 a4 £ 6 %° 001 002 003 004
Corner/rad Corner/rad w Cycle times/Ay Corner/rad

a) Hysteresis curves b) Skeleton curves  c¢) Cumulative energy d) Stiffness
dissipation degradation

Fig. 19 — Comprehensive evaluation curve of seismic performance with different axial pressure
ratios

Effect of hoop diameter

The hoop diameters of the developed models were 10mm, 12mm, and 14mm, respectively,
and other parameters are the same. Subfigures 1 and 2 show the hysteresis and skeleton curves of
the model with different hoop diameters. The increase in the hoop diameter led to a slight increase
in the peak bearing capacity, whereas the ultimate bearing capacity and hysteresis loop area did not
change much. Subfigures 3 and 4 show that as the hoop diameter increased, there was no significant
change in cumulative energy consumption and stiffness. Table 6 indicates that the ductility factor
was increased by 0.87% and 2.61%, respectively, when the hoop diameter increased from 10mm to
12mm or 14mm. The variation in hoop diameter had little influence on the ductility. The comparisons
of the diagrams showed that the hoop diameter had little effect on the seismic performance of the
prefabricated bridge substructure.
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Fig. 20 — Comprehensive evaluation curve of seismic performance with different hoop diameters

Effect of concrete strength

The concrete compressive strengths of the developed models were C40, C30, and C50,
respectively, while the other parameters were the same. Subfigures 1 and 2 show the hysteresis and
skeleton curves of the model with different concrete strengths. As the concrete grade changed from
C30 to C40 or C50, the ultimate bearing capacity was increased by 12.7% and 21.9%, respectively.
Strength change led to a pronounced increase in the ultimate bearing capacity and hysteresis loop
area. Subfigures 3 and 4 indicate that the concrete strength significantly influenced the cumulative
energy consumption and stiffness. The initial stiffness and cumulative energy consumption
increased as the concrete strength increased; however, stiffness degradation became severe. Table
6 indicates that with the concrete changed from C30 to C40 or C50, the ductility was decreased by
11.1% and 10.1%, respectively. The comparisons of the diagrams showed that improving concrete
strength is beneficial to enhancing seismic performance.
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Fig. 21— Comprehensive evaluation curve of seismic performance with different concrete strengths

Tab.6 - Ductility factors for different design variables

i ) Ultimate ) ) Ultimate

) Positive Yield . Negative Yield ) N

Variable ) Displacement ] Displacement  Ductility
Displacement/m Displacement/m
/m /m

Axial 0.1 0.0068 0.0191 0.0065 0.0182 2.81

Pressure 0.2 0.0061 0.0229 0.0060 0.0206 3.60

Ratio 0.3 0.0063 0.0232 0.0062 0.0198 3.44

10 0.0063 0.0232 0.0062 0.0198 3.44

Hoop 12 0.0063 0.0234 0.0063 0.0203 3.47

Diameter 14 0.0064 0.0237 0.0063 0.0212 3.53

C30 0.0065 0.0254 0.0063 0.0242 3.87

Concrete  C40 0.0063 0.0232 0.0062 0.0198 3.44

C50 0.0062 0.0220 0.0060 0.0203 3.48

CONCLUSIONS

In this paper, the seismic performance of prefabricated bridge substructures using grouted
sleeve connectors and CIP bridge substructures was compared by FEA, and a parametric
investigation was performed to assess the seismic performance of prefabricated bridges. main
conclusions as follows:

(1) The uniaxial tension tests indicate that extend the anchorage length was shown to enhance
connection capacity, and it is recommended that the anchorage length of the grouted sleeve
connection be taken as 28.3 /la and =10 /a for the cast-in-place connections.

(2) The bond-slip constitutive relation was proposed based on the experimental results to refine
the FE model, considering bond and slip between reinforcement and sleeve or concrete, and
elucidating the bond-slip constitutive relation of the grouted sleeve joint and the simulation method.

(3) Failure modes of the prefabricated bridge substructure connected by the grouted sleeve were
the same as the cast-in-place bridge substructure, and the hysteresis responses of the models were
similar. PC-02 had ultimate bearing capacity, cumulative energy consumption, ultimate displacement,
maximum cut-line stiffness and ductility values of 83.3%, 82.0%, 74.5%, 92.2% and 107.7%,
respectively, when compared with RC.

(4) Parametric investigation results showed that concrete strength and axial compression ratio
remarkably affected seismic performance. As the concrete strength and axial compression ratio
increased, the bearing capacity, cumulative energy consumption, and stiffness increased
significantly. The effect of hoop diameter on seismic performance is not significant.
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(5) The relevant FEMs, methods, and research results can provide reference and inspiration for
the prefabricated bridges substructure connected by grouted sleeves.
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ABSTRACT

Cable-stayed bridge without backcables is an important branch of the cable-stayed bridge family.
It tilts the bridge tower to one side and removes the cable behind it. It balances the cable force of
the cable-stayed cable with its own weight. This paper relies on the construction project of the main
bridge, and uses finite element analysis software to establish a space model to simulate and analyze
the construction process, focusing on the influence of the bridge tower inclination and temperature.
When the inclination angle of the bridge tower changes within a certain range, it has little effect on
the stiffness and strength of the structure, but under the condition that the stress of the tower girder
is roughly the same, the greater the inclination angle of the tower, the greater the counterweight of
the tower, and the greater the material consumption of the tower. Angle of the tower, the greater the
counterweight of the tower, and the greater the material consumption of the tower. When the bridge
tower is 52 °, 55 ° and 58 °, the stress on the left side of the bridge tower is -5.8 MPa, -4.1 MPa and
0.7 MPa, respectively.

KEYWORDS

Cable-stayed bridge without back cable, Tilt angle of the main tower, Temperature variation,
Parameter analysis

INTRODUCTION

Cable-stayed bridge’s main feature is to use the stay cable as the elastic support of the girder
span, reduce the section bending moment of the trabecular span, reduce the weight of the main
girder, and improve the crossing ability of the main girder [1].

Since the 1990s, with the development of the world’s cable-stayed bridge construction
technology, China’s cable-stayed bridge ushered in a new development opportunity and opportunity,
have built a lot of span more than 500 m long span cable-stayed bridges [2-4]. It has trained many
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bridge design and construction talents, and accumulated a lot of valuable construction experience
and technology. After the construction of a number of world-leading kilometer-level cable-stayed
bridges, through decades of hard work and independent innovation, China’s cable-stayed bridge
construction level is moving towards the world’s top level [5, 6].

In the continuous development of cable-stayed bridges, people have found that it is completely
possible to increase the tower tilt angle, and finally form a more unique and novel structural form -
cable-free cable-stayed bridges [7-10]. Remove the cable from one side of a single-pylon cable-
stayed bridge, and tilt the cable tower to that side to balance the cable-stayed force with its own
weight [11]. The characteristics of cable-less cable-stayed bridge are that the positive bending
distance of the main beam is all balanced by the overturning moment generated by the cable from
the tilt of the bridge tower, and the force is more complex, especially at the joint of the tower, beam
and pier, not only the axial force, shear force and bending moment of the main beam, but also the
torque and the joint action between them.

In terms of visual effects, the bridge has a strong impact, enough to attract people's attention,
and after construction, it has become a representative building of the city, which is favored by
designers and local governments [12-15]. However, this type of bridge is not built in the world, the
analysis of the reasons, first of all, the force state of this type of bridge is complicated, there are
many factors to consider, and the related design work is limited. [16-18].

Cable-stayed bridges without backcables are more and more favored by designers because of
their beautiful shape and economical applicability. draw some useful conclusions, solve the problems
encountered in the construction of cable-stayed bridges, and provide reference for design and
construction.

ENGINEERING BACKGROUND

Bridge is located in Jinzhou District of Dalian City. The central pile number of the bridge is
K2+300.00. The tower adopts single column concrete tower, the tower is inclined, and the angle
between the tower and the horizontal is 55°. The full height of the tower is 124.2 m, the lower tower
column is a variable section box section, the upper tower column is a variable section rectangular
section.

The main bridge adopts the consolidation system of pier, tower and girder. The approach
bridge adopts 40 m hole by hole cast-in-place prestressed concrete continuous box girder, and the
lower structure adopts inverted vase type double column pier, drilled pile foundation and expanded
foundation. Elevation drawing of the main bridge of Jinzhou bridge is shown in Figure 1.

Fig. 1 - Elevation drawing of the main bridge of Jinzhou bridge
Cable

The cable is a steel strand cable, and the cable is arranged in the shape of a harp. The standard
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cable distance on the main beam is 12.0 m, the longest cable is 196.056 m, the shortest is 44.732
m. The cable is arranged in the shape of a harp. The standard cable distance on the main beam is
12.0 m. The longest cable is 196.056 m and the shortest cable is 44.732 m.

Girder

The bridge main girder is divided into concrete box girder, steel box girder and steel-concrete
composite box girder. The concrete box girder is the main girder at the consolidation of pier, tower
and girder. The length of the concrete box girder is 10.0 m, and the height of the central girder is 3.0
m. The bridge concrete girder cross-sectional diagram is shown in Figure 2. The bridge steel-
concrete composite girder cross-sectional diagram is shown in Figure 3, and the bridge steel girder

cross-sectional diagram is shown in Figure 4.
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Fig. 2 -The bridge concrete girder cross-sectional diagram (mm)
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Fig. 3 - The bridge steel-concrete composite girder cross-sectional diagram (mm)
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Fig. 4 - The bridge steel girder cross-sectional diagram (mm)

Cable tower

The tower adopts a single column concrete Leaning Tower with a horizontal inclination of 55°
and a rear inclination of 35°. The cable is arranged in the shape of a harp. The transverse distance
of the cable anchorage point on the girder is 1.6 m, and the standard distance of the cable on the
main girder is 12.0 m. There are three cable specifications, each specification 6, a total of 18. The
tower is 124.2 m. The lower tower column is a variable section box section, and the size is 24.574
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mx5.142 m~16.509 mx3.5 m. The upper column is a rectangular section with variable section and
the size is 10.862mx4.5m~5.0 mx4.5 m.

ANALYSIS OF CONSTRUCTION DIFFICULTIES OF CABLE-STAYED BRIDGE
WITHOUT BACK CABLE

1. Construction facilities are difficult to meet the requirements of leaning tower
construction

The vertical length of the horizontal projection of the tower is 77.3 m. The leaning tower tilts 35°,
and the average height of each meter is offset by 0.7 m, which makes the structure of the tower
crane attached to the wall complex, and the supporting rod needs 20m length, and the installation of
the attached wall is extremely difficult.

The 35° inclined climbing structure is different from the vertical tower climbing structure in
essence, and the vertical tower climbing structure bears a single vertical load, and the force condition
of each side is the same. In addition to bearing vertical loads, the inclined tower climbing frame still
has to bear a large overturning moment, and the stress conditions on each side are different, so the
frame structure, track anchorage system and dynamic system need innovative design.

2. The variable shape structure leads to the diversification of construction technology

The tower can be divided into three sections from bottom to top: tower section C with double-
chamber box section, tower girder consolidation transition section B with rectangular solid section
and cable section A with large dip angle. Due to the large arc and large folding angle connection of
the middle pier girder consolidation transition section B, the tower construction must adopt different
technological methods to deal with the construction, including the full support of the tower section C
and B, and the climbing mold construction of the upper pier section A.

3. The difficult installation of rigid skeleton and reinforcement

Whether the positioning of the rigid skeleton is accurate or not and whether the connection
meets the strength requirements plays a key role in the construction quality, safety and linear shape
of the tower. As the first process of tower segment construction, and the tower tilts back 35°, the
installation stage is basically suspended in mid-air construction, resulting in the positioning and
installation of the entire rigid skeleton is very difficult.

4. Influence of stay cable on climbing form construction

The cable tower is an inclined solid structure, the cable anchor teeth are all set in the lateral
groove of the dark side, the length of the cable tube is up to 21.249 m, involving 3 to 4 construction
segments, such a long cable tube is the most construction, and the general cable tower structure is
difficult to install. The installation of anchor cable tube is the most difficult in the construction of cable
tower, and it needs to find a different environment.

5. Many types of embedded parts and high requirements

In addition to the anchor cable pipe, the embedded parts of the cable tower also have access
road, lightning protection grounding, tower crane, elevator, construction walkway and other
structures or construction embedded parts, especially the access road adopts bolt connection
structure, the embedded parts in addition to high density, the installation position requirements are
obviously high.

6. The anti-crack control of the cable tower runs through the whole construction process

All the cable tower from the pier girder consolidated above are rectangular solid sections. How
to ensure the quality of high grade tower concrete pouring is particularly important for the concrete
joints of tower piers, and the upper tower columns with large self-weight moment. It is a difficult and
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important point in construction to prevent structural cracks induced by temperature difference cracks.
Therefore, it is difficult to control the temperature difference cracks and the structural cracks of the
leaning tower throughout the whole construction process.

7. Concrete appearance quality control

The concrete structure of bridge is an important part of urban bridge landscape. It is always a
difficult point in the construction of urban bridge because it needs to meet the functional requirements
and have considerable ornamental value. In particular, the construction of the Leaning Tower is
difficult and there are many safety hazards. During the construction process, under the premise of
ensuring the internal quality of concrete, efforts are made to ensure the roundness of the line and
the smoothness of the joint, and improving its appearance quality is a continuous exploration process.

STRUCTURAL ANALYSIS MODEL ESTABLISHMENT

The modeling and analysis of the main bridge of Jinzhou Bridge are performed using the
Midas/Civil finite element analysis software. A spatial truss system model is established. According
to the calculation method of finite element analysis, before building the model, the structure needs
to be discretized. The discretization should follow certain principles. Otherwise, the built model will
either require excessive computation time for the same level of accuracy or have significant
discrepancies in the stress distribution compared to the actual structure. In this study, for
computational convenience and considering the construction sequence, the structure is divided into
262 units. The division of the entire bridge units is shown in Figure 5. The main beam, the main tower
and the bridge pier are all made of beam elements, and the cable is made of truss elements. The
pier bottom is consolidated. The link between the cable, beam and tower is a rigid connection.

Fig. 5 - Finite element discretization diagram of the structure

When simulating the main girder, the stiffness (torsional stiffness, lateral bending stiffness, and
vertical bending stiffness) and mass of the main girder are all concentrated on the central axis of the
main girder. The constraints on the main girder at the pier are modeled using general supports that
constrain the horizontal lateral displacement Dy, vertical displacement Dz, and rotation around the
z-axis Rz, based on the actual types of supports set.

THE IMPACT OF LOCAL TEMPERATURE DIFFERENCES

The effect of local temperature differences on cable-stayed bridges without backstays is
complex. Assuming a temperature difference of 5 °C between the sunny and shaded sides of the
bridge tower, and a temperature increase of 10 °C for the cables, the local temperature difference in
the main girder can be determined using the vertical temperature gradient curve shown in the
diagram below, according to the design specifications.

The effect of local temperature differences on the displacement and stress values of the main
girder and bridge tower in the completed bridge state is shown in Figure 6 - Figure 12. In this case,
the bridge deck is paved with 10 cm of asphalt concrete, resulting in temperatures T1 of 14 °C for
the cast-in-place concrete section and steel box girder with bridge deck panels, and T2 of 5.5 °C.
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According to Figure 6 - Figure 12, it can be observed that the deformation of the bridge structure
is significantly affected by localized temperature differences. The main girder experiences a
downward displacement of 11.3 mm, while the upper part of the bridge tower moves horizontally
towards the abutment, with a maximum displacement of 18.4 mm. The localized temperature
differences have the greatest impact on the tension force of cable C9, while their influence on the
cables at the bridge tower is relatively small. The stress impact on the main girder is within 10MPa,
indicating a minor effect. The bridge tower is minimally affected, with a maximum tensile stress
change of 0.15 MPa.

From the above analysis, it can be seen that the effects of localized temperature differences
and overall temperature differences on the displacement and tension force of the main tower are
significant. However, due to the complex nature of localized temperature variations, it is difficult to
accurately consider their impacts in calculations. In order to avoid the influence of localized
temperature differences on construction, it is recommended to carry out construction processes that
have a significant impact on the elevation of the main girder and structural forces, such as cable
tensioning, when the structure is in a uniform temperature state. Measurements of tension forces,
elevation, and stress at control points should also be conducted in a uniform temperature state.

INCLINATION ANGLE ON STRUCTURAL FORCES INFLUENCE

The unique structure of cable-stayed bridges without backstays leads to distinctive mechanical
characteristics. The inclination angle of bridge towers can vary in the hands of different designers,
and different inclination angles correspond to different structural features. This paper takes the main
bridge of Jinzhou Bridge as an example to study the influence of different inclination angles on the
structural performance under loading.

The study investigated three different cases: inclination angles of 52°, 55° (design angle), and
58°. The inclination angle refers to the acute angle between the axis of the bridge tower and the axis
of the main girder. The models with inclination angles of 52° and 58° were modified from the model
with a 55° inclination angle that was established in this study. When the bridge tower is 52 °, 55° and
58°, the stress on the left side of the bridge tower is -5.8MPa, -4.1MPa and 0.7MPa, respectively.
Only the coordinates of the nodes corresponding to the bridge tower were modified while keeping
other parameters, such as cross-section characteristics and material properties, unchanged. The
model only considers the bridge in its completed state, i.e., the structural state formed when the
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bridge is fully assembled. The established models are shown in Figure 13 and Figure 14.
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Fig. 13 - Analysis model for an inclination angle Fig. 14 - Analysis model for an inclination
of 52° angle of 58°

The model considers the combined effects of dead load and live load and performs a
comparative analysis of the results for the three different inclination angles. The analysis includes
the changes in cable forces and displacements under the action of live load and the stresses
resulting is shown in Figure 15 - Figure 21.
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Based on the results calculated from the three different inclination angles mentioned above, it
can be concluded:

Under the action of live loads, the tension force in the inclined cables increases with the
increasing inclination angle. However, the displacement of the main girder and the bridge tower is
not significantly affected by the inclination angle under live load.

Under the combined action of dead load and live load, the stress on the left side of the bridge
tower decreases with increasing inclination angle below a vertical coordinate of 20 m, while it
increases above 20 m. On the right side of the bridge tower, the stress increases below a vertical
coordinate of 20 m with increasing inclination angle, but decreases above 20 m as the inclination
angle increases.

Under the combined action of dead load and live load, the tensile stress on the upper surface
of the main girder increases with increasing inclination angle, while the compressive stress on the
lower surface decreases with increasing inclination angle. There is a peak tensile stress at the 100
m position of the main girder. The variation of the upper and lower surface stresses is significant
before the 100 m mark for different inclination angles, but becomes smaller after that. A 55°
inclination angle is considered reasonable for the main bridge of the Jinzhou Bridge.

CONCLUSION

(1) When the inclination angle of the bridge tower changes within a certain range, it has little
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effect on the stiffness and strength of the structure, but under the condition that the stress of the
tower girder is roughly the same, the greater the inclination angle of the tower, the greater the
counterweight of the tower, and the greater the material consumption of the tower. When the bridge
tower is 52°, 55° and 58°, the stress on the left side of the bridge tower is -5.8 MPa, -4.1 MPa and
0.7 MPa, respectively.

(2) Under the combined action of dead load and live load, the stress on the left side of the
bridge tower decreases with increasing inclination angle below a vertical coordinate of 20 m, while it
increases above 20 m. On the right side of the bridge tower, the stress increases below a vertical
coordinate of 20 m with increasing inclination angle, but decreases above 20 m as the inclination
angle increases.

(3) In addition to the general characteristics of cable-stayed bridge, this bridge also has its own
characteristics, that is, the influence of the tower's dead weight on the structure is greater than that
of the straight tower cable-stayed bridge, especially the influence on the horizontal displacement and
self-stress.
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ABSTRACT

Accurate documentation of snow cover is critical for hydrological modeling, climate
adaptation planning, and risk assessment in mountainous regions. This study presents a
comprehensive methodology for snow cover monitoring using UAV-based LiDAR scanning, tailored
to the specific environmental and technical constraints of Central European mountain ranges. Field
campaigns were conducted across several Czech border mountain locations (Ore Mountains, Giant
Mountains, Beskids Mountains), utilizing DJI Matrice 300 RTK equipped with Zenmuse L1 or L2
LiDAR sensors. Due to limitations in deploying traditional ground control points (GCPs) in remote
and protected areas, the methodology emphasizes reliance on GNSS RTK corrections and minimal
GCP use. The influence of two GNSS reference networks (CZEPOS and TopNet) was evaluated
through photogrammetric analysis, revealing systematic elevation biases and spatial autocorrelation,
with TopNet yielding slightly better results.

Various point cloud post-processing workflows were tested, including smoothing and noise
filtering in DJI Terra, TerraSolid, and CloudCompare. The best visual and statistical results were
obtained using a combined approach supplemented by a single foldable GCP. Ground point
classification methods were assessed in both snow-free and snow-covered conditions. The most
reliable method for snow-free filtering was the Spatix-based algorithm in TerraSolid, while snow-
covered scenes required custom multi-criteria filtering in CloudCompare.

Validation was performed using over 4,500 RTK GNSS ground points and manual snow
probe measurements. The methodology proved robust despite uncertainties from vegetation
interference and manual measurement limits. This study delivers practical guidelines for operational
snow cover documentation under constrained field conditions, and proposes improvements for future
automation and validation.

KEYWORDS

UAV LIDAR, Snow cover, GNSS RTK, Point cloud processing, Bare ground filtering,
Mountain environments

INTRODUCTION

Modeling snow cover is essential for understanding the dynamics of the hydrological cycle
[1], managing water resources, and predicting the impacts of climate change [2]. Snow serves as a
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significant reservoir of water, influencing runoff in watersheds [3], water availability during dry
seasons [4], and overall ecological stability [5]. Accurate snow cover models enable us to estimate
the amount of water stored in snow (known as snow water equivalent, SWE) and provide critical data
for water resource management [6], particularly in regions where snow is the primary source of water
for populations and agriculture [7]. Another key reason for modeling snow cover is monitoring the
impacts of climate change [8], [9]. In warmer regions or seasons, the snowline is shifting, the total
volume of snow is decreasing, and snowmelt is occurring earlier, affecting both ecological and
socioeconomic systems [10]. Models based on accurate snow cover data help scientists and
policymakers understand these changes in the landscape and facilitate better planning for adaptation
to new climate conditions [11].

Beyond environmental and hydrological applications, snow cover modeling is also crucial for
winter sports [12], transportation [13], and energy production [14]. In mountainous areas, models
can optimize infrastructure maintenance and safety measures [15]. Wind and hydroelectric power
facilities can use snow cover models to improve energy management [16]. Precise information about
snow cover and its dynamics is critical for a wide range of applications, from local to global scales
[17].

Snow cover can be measured using various methods. Manual methods are traditional
approaches to snow measurement that require direct physical presence in the field. The simplest
method is to use a snow gauge rod or measuring rod, where the depth of the snow cover is measured
on site [18]. This method is undemanding in terms of equipment, but time-consuming and dependent
on the availability of the measured locations [19]. More detailed snow analysis is made possible by
measuring snow profiles, where a profile is dug in the snow layer and its structure, density and
temperature are evaluated. This information is crucial for avalanche risk prediction or hydrological
modelling, but the method requires expertise and careful implementation in the field [20].

With the growing need for more accurate data and frequent monitoring of snow cover,
automated methods have become popular. Among the most widespread are ultrasonic snow
gauges, which measure the distance between the sensor and the snow surface using ultrasonic
waves [21]. This method allows for continuous measurements and is commonly installed at weather
stations.

Remote sensing and photogrammetry allow monitoring of snow cover over large areas using
various sensors located on satellites, aircraft or UAVs. Aerial and ground-based LiDAR (Light
Detection and Ranging) allows detailed measurements of changes over time [22], while SAR radar
systems (e.g. Sentinel-1) provide information on snow cover even in cloudy conditions [23].

Optical images from satellites such as Landsat or Sentinel-2 allow mapping of the presence
of snow and its spectral properties, but their accuracy is lower than that of radar methods. UAV
photogrammetry provides detailed models of snow cover by comparing images before and after
snowfall, while historical photos can in some cases be used to reconstruct the evolution of snow
conditions in the past. Another option is to use sensors in the field, such as temperature and humidity
sensors, which provide indirect information about the properties of the snow. For comprehensive
analysis, data from these methods are often combined with numerical models that allow simulation
of snow accumulation and melting based on meteorological data, remote sensing and other input
parameters.

In the following text, we will focus mainly on the documentation of snow cover using LIDAR
data. Laser scanning (LIDAR) and point cloud analysis have revolutionized the accuracy of snow
cover modeling. These technologies allow for detailed mapping of the Earth's surface both before
and after snowfall, enabling precise quantification of snow layer thickness. The high spatial resolution
of LiDAR captures fine-scale variations in snow cover, which is crucial for studying local microclimatic
conditions and their influence on snow melting or accumulation. The results of such modeling are
not only valuable for hydrological applications but also for mitigating risks such as avalanches or
extreme flooding caused by rapid snowmelt.

The use of LIDAR scanners in combination with UAVs allows for fast, cheap and operative
documentation of snow cover even in hard-to-reach areas. Our research presented in this paper is
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focused on verifying the possibilities of using mobile laser scanning in combination with UAVs in our
national conditions (Czech Republic, Europe), especially focusing on data quality and accuracy.
When working in remote mountainous and difficult-to-reach areas, we are limited by the quality of
the GNSS RTK solution, the very limited ability to deploy control points and the problematic validation
of the obtained data. The aim of the presented research is to define possible qualitative parameters
of the resulting snow cover data, methodological recommendations for their processing and the
presented validation of the results in the field with application in the border mountains of the Czech
Republic, as the snow data was collected and processed as part of a research project of the
Technology Agency of the Czech Republic called ,Analysis of spatio-temporal dynamics of snow
cover for the purposes of prediction and prevention of hydrological extremes and dimensioning of
adaptation measures within land consolidation” (TA CR SNOW).

MATHERIALS AND METHODS

The TA CR SNOW project was solved for a total of 3 years (2022 — 2024). During the
individual years of the project, there was a gradual improvement of the surveying technology and
thus changes in the methodology of data collection. With regard to the very warm winters in the
monitored period in Central Europe, activities aimed at monitoring the snow cover were directed to
the border areas of the Czech Republic — the Ore Mountains, the Giant Mountains and the Beskids
Mountains.

Areas of interest

The area for testing the accuracy of individual methods and verifying the methodology of data
collection and processing was chosen in the Ore Mountains — the ridge part at an altitude of about
900 m above sea level (see Figure 1). This area was chosen with regard to the existence of previous
ground measurements, the combination of open spaces (mountain meadows) and forest, proximity
to the state border (most of the snow monitoring within the TA CR SNOW project was carried out in
border areas), which brings aspects such as poor mobile signal coverage and possible problematic
RTK solutions, the possibility of using UAVs without permission. Within the localities in the Ore
Mountains, the Giant Mountains and the Beskids Mountains, data collection and processing were
carried out on the basis of the methodology presented in the following text. However, due to the
inaccessibility of many sites in the Giant Mountains and Beskids Mountains during winter, extensive
validation measurements could not be performed there. Therefore, detailed accuracy analysis is
presented only for the Ore Mountains, while field campaigns in the other regions helped to confirm
the general applicability of the methodology and identify potential limitations. The data processed
within the area of Giant Mountains and the Beskids Mountains are thus not presented within this
paper.
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Hardware and software used for data acquisition and processing

The data collection was carried out by a DJI Matrice 300 RTK drone (carrier), which is a UAV
(Unmanned Aerial Vehicle) suitable for mapping. It can carry multiple sensors and is equipped with
a device to receive real-time GNSS RTK corrections. In the course of our research, we used the DJI
Zenmuse P1 (full-frame camera), DJI Zenmuse L1, and DJI Zenmuse L2 LiDAR sensors.

The following software tools were used for data processing: DJI Terra Pro — raw LiDAR data
processing, TerraSolid and CloudCompare — LiDAR data postprocessing, ArcGIS Pro — LiDAR data
processing, visualization and analysis, Agisoft Metashape — image data processing from the DJI P1
Sensor.

The point clouds are exported in DJI Terra in the ETRS89 UTM 33N coordinate system, while
the exact NTv2 grid transformation to the Czech national coordinate system S-JTSK (EPSG 5514)
is not possible in this software. External software using the certified transformation key was used for
transformation to EPSG 5514.

GNSS correction networks

A total of two GNSS reference networks were used for field data collection. The CZEPOS
network provides correction data for GNSS measurements in real time with high accuracy. According
to testing carried out by the Land Survey Office and Cadastral Offices on 150 trigonometric points in
25 locations throughout the Czech Republic, the following mean errors were achieved for RTK
services: horizontal accuracy (myy): 1-2 cm and vertical accuracy (mn): 2—3 cm [24]. The TopNet
network works with similar accuracies [25]. However, it is important to note that accuracy may be
affected by distance from the reference station and current environmental conditions. In general,
accuracy can decrease as the distance from the reference station increases. The RTK method states
a horizontal accuracy of approximately 10 - 20 mm + 1 ppm (part per million), which means 1 mm
for every kilometer of distance from the reference station. Vertical accuracy tends to be slightly lower.
Thus, at a distance of 10 km from the reference station, the horizontal error would be approximately
10 mm (basic error) + 10 mm (1 mm/km % 10 km) = 20 mm. There are studies that suggest that RTK
accuracy does not decrease significantly with distances up to 80 km from the reference station
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[26],[27]. However, further publications confirm the dependence of accuracy on the distance from
the reference station [26],[28].

Data collection methodology

The methodology of data collection assumes that snow cover data are measured in
mountainous, hard-to-reach locations. It is necessary to transport equipment with a total weight of
52.4 kg (drone, battery, sensor, means of transport) to the selected location. Most of the Czech
border mountains are included in large-scale protected areas (Protected Landscape Areas, National
Parks). Access to the sites (especially during winter) is difficult and in most cases, it is not possible
to use motor vehicles. Movement within a given locality is in many cases, with regard to the rugged
terrain, the amount of snow, the wintering grounds of the game, impossible or even forbidden. The
presented methodology of data collection and processing thus reflects the possible shortcomings
that we may encounter when collectln data in such conditions.

Fig. 2 A and B - drone transportation in the mountainous area; C - DJI Matrice 300 RTK
equipped with Zenmuse L2 LiDAR scanner

For the analysis of snow cover, it is necessary to process data from two-time horizons
(landscape with snow and without snow). For data collection, we had the opportunity to try a number
of different sensors and approaches - classic photogrammetry, aerial laser scanning and laser
scanning where a drone was used as a carrier.

All these methods have one common weak point — the very problematic or impossible
placement of ground control points (GCPs) within the site of interest, which make the collection of
LiDAR data more accurate. GCP for LIDAR scanning must be large and provided with a high-quality
reflective layer. At a flight altitude of 100 m AGL, the recommended size of the edge of a square
GCP is 70 — 80 cm [30]. The 6 GCP set can thus weigh well over 10 kg. These bulky and heavy
GCPs are difficult to transport to remote locations when moving on foot, or it is problematic to deploy
these GCPs within the site at all. Mountainous areas are in most cases forested and therefore the
precise targeting of GCP centers using GNSS is problematic. As part of the presented methodology,
we will focus on evaluating the quality of the data obtained only with the help of RTK solutions on a
drone. At the Lesna test site, the use of the so-called folding GCP was verified, which was located
at the launch site and the center coordinates were measured with RTK GNSS. In the Results chapter,
the effect of the application of the detected "corrections" from this one GCP on the entire resulting
point cloud will be tested.
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Fig. 3 A - measurement of control points on the road; B - foldable Ground Control Point with
different reflective materials

Before starting the actual data collection, it is necessary to select a suitable sensor. Within
the TA CR SNOW project, data collection was carried out using both a photogrammetric sensor (DJI
P1) and LiDAR sensors. With regard to the character of the landscape (forested areas),
photogrammetry seems to be an unsuitable method in most cases. Since it is very difficult (if at all)
to model (snowy) terrain under trees in densely overgrown terrain.

The actual preparation for the flight is no different from the preparation for a normal flight - it
is only necessary to ensure that the batteries for the drone are warm at all times. The flight was
always planned from a height of 100 m AGL, with the Terrain Follow function activated, which
ensures that the drone's flight altitude follows changes in the topography of the terrain. When taking
test images with the DJI P1 sensor, at an altitude of 100 m AGL, the resulting resolution of the
acquired image data is 0.88 cm/pixel. However, photogrammetric snow cover photography requires
a specific approach according to [30] it is advisable to shoot in low sunlight (the relief is better
rendered on snow) and the camera needs to be set to take underexposed images (ideally in RAW
format for possible post-processing). When using the DJI Zenmuse L1 sensor, 3 reflections of the
laser beam were set, while the DJI Zenmuse L2 sensor had 5 reflections. The resulting density of
the point cloud is approximately 530 points/m?from DJI L1 and 600 points/m? from DJI L2.

We rely on GNSS correction data for our own data collection. It receives the drone in real
time via the RTK service. RTK correction data available within public (mostly commercial) reference
networks are dependent on the coverage of the area by the mobile signal, which is needed for real-
time data transmissions. During our measurements, we had access to two reference networks — the
national Czepos network and the commercial TopNet network. Having active access to two reference
networks proved to be practical in case there was a problem with finding an RTK solution and fixing
the position with cm accuracy when using the (preferred) Czepos network.

The correction data of our flights has always been received through the so-called virtual
reference station, which should be located automatically within the scanned location, while the
corrections are derived from the surrounding reference stations. Experience has shown that it is
advisable to manually disconnect the drone from the reference network before the start of the
mission and then connect it again — this will in many cases correct the position of the virtual reference
station to the data collection point.

Data processing methodology

A suitable way of data processing is crucial to obtaining the quality data needed to create an
accurate snow cover model. Photogrammetric images, which contain coordinates of the center of
the image and values of Yaw, Pitch and Roll in EXIF, were processed in a standard way in the Agisoft
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Metashape SW environment. Data derived from photogrammetric images (DSM, point clouds) are
not suitable for modeling snow cover in areas covered by forest. We mention this method here only
for the complexity of the methodology, and in the following text we will focus mainly on LiDAR data
processing.

The raw data from the DJI L1 and DJI L2 sensors needs to be processed in the native DJI
Terra program as part of the first step. For data processing in our research, we used the DJI Terra
Pro program, which is a paid version of the DJI Terra tool. One of the main differences between the
"free" version and the paid "Pro" version is the ability to use the Optimize Point Cloud function to
process data from the LiDAR sensor. According to information from the DJI website [31], this function
is suitable for removing noise, improving point alignment, smoothing out dense clouds, correcting
errors caused by drone movement. The research did not identify an expert study that would verify
the effect of this function on the resulting point cloud. However, according to discussions within DJI
community groups, user experiences suggest that this feature makes sense and leads to an increase
in the quality of the resulting point cloud. In our research, we focused on empirically verifying the
influence of this function on the resulting data.

However, DJI Terra Pro only processes the raw data, performs point cloud optimization, and
exports the LAS file for the area of interest. Further processing takes place in TerraSolid SW, where
we perform further filtering/smoothing.

The last step in data processing is the removal of noise (so-called isolated points), which can
still be identified in the data even after applying the optimization functions in the DJI Terra Pro and
TerraSolid environments. Here we use the CloudCompare software and the Statistical Outlier
Removal function (SOR).

Another problematic aspect that affects the quality of the resulting data is point filtering. To
analyze snow cover, we need so-called "bare ground" data. There are many software tools that allow
this — we will focus on the possibilities of filtering "ground" points in the TerraSolid, CloudCompare
and ArcGIS Pro environments. Each of these software products contains different algorithms for
filtering points, the influence of which on data quality will be verified.

Methodology for verifying the quality of measurement

In our research, we used two reference networks (Czepos, TopNet), the accuracy of which
is defined by tests carried out by network operators (see the previous text). Verification of the use of
the reference network in combination with UAVs was analyzed, for example in [32]. In our case, we
wanted to verify the accuracy of our two reference networks. For this purpose, test photogrammetric
imaging was carried out at an open site. Within this locality, 7 GCPs were deployed, where these
points will be used to evaluate differences in coordinates [X, Y, Z]. In addition, 75 control points in
the field were surveyed, which will be used to verify the Z coordinate. All points were surveyed by
RTK GNSS - the resulting coordinate is the result of an average of 20 observations at the point.
Claimed accuracy myx, =1 cm, my = 1 — 2 cm. The entire site was then covered with photogrammetric
images from two flights — the first using the Czepos reference network, the second using the TopNet
network (consequent flights). The data were photogrammetrically processed in the Agisoft
Metashape environment. The coordinates [X, Y, Z] were read on the derived data (orthophoto, DSM)
and compared with the directly measured data. The analysis of the differences of individual
coordinates allows us to see the differences in the accuracies of individual reference networks. In
the DJI Terra environment, it is possible to find the coordinates of the virtual reference station in the
"Base center point settings" settings to verify that the virtual reference station has been placed in a
suitable position.

Verification of the quality of LIDAR data was carried out at the Lesna test site (see Fig. 1). A
total of 46 points on the surface of the road that passes through the area of interest were marked
here (see Fig. 3-A). These points were again surveyed using RTK GNSS (20 observations at each
point), the points were measured repeatedly after about 2 hours. The resulting coordinates of the
points are then the average of these two measurements. The stated accuracy of the measured
control points is myy = 1 cm, my = 1 — 2 cm. However, only the Z coordinate is evaluated to evaluate
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the quality of LiDAR data. X and Y coordinates cannot be verified on this type of signalling. As part
of the scanning in January 2025, experimental "folding" GCPs were deployed within the site of
interest (see Fig. 3-B). Using them, we are able to perform a basic evaluation of the effect of the
presence of a low number of GCPs on the resulting point cloud.

In order to determine the influence of individual approaches to smoothing and optimization of
the point cloud during its processing, the processed point cloud was evaluated within the defined
asphalt road - always visually and in comparison, with the surveyed points. We tested the effect of
incremental optimization using the features implemented in DJI Terra Pro, Terra Solid, and Cloud
Compare (see Figure 7). The optimization method that produces the most accurate and smoothest
data was then used for all processed datasets, which are evaluated within other criteria.

Another factor that affects the accuracy of the resulting cloud is the "bare ground" filtering
method. Here, we tested different approaches implemented in TerraSolid, ArcGIS Pro and
CloudCompare. Control points (more than 4500) were surveyed by RTK GNSS technology within
the entire test site. With regard to the number of points, individual points were measured using 5
observations.

In January 2025, laser scanning was also supplemented with validation measurements with
a snow probe (see Fig. 4). Using this data, we will try to validate the data processed according to
the created methodology.

Fig. 4 - Snow probe verification measurements

Statistical methods

Geostatistical methods applied to differences in coordinates were used to evaluate the quality of
individual datasets. Three main quality aspects of model errors (i.e., differences between modelled
and reference coordinates) were evaluated [33]:

1. Model errors should not be spatially autocorrelated, meaning they should be randomly
distributed in space. To evaluate this aspect, the Global Moran’s Index was calculated. The
statistical significance of the index was evaluated based on the p-value derived from a
normally distributed z-score. The analysis was conducted using the Spatial Autocorrelation
(Global Moran’s I) tool in ArcGIS Pro (version 3.2.0).

2. Model errors should be normally or at least symmetrically distributed, with a central tendency
close to zero. The Jarque—Bera test was used to assess the univariate normality of the errors.
In addition, standardized skewness and standardized kurtosis were computed to examine
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the shape of error distribution. Basic descriptive statistics including the mean, median,
standard deviation, and RMSE were also calculated to characterize the accuracy and
variability of the modelled data. All computations were carried out using PAST software
(version 4.16c¢).

3. There should be no significant dependency between model errors and altitude. For this
purpose, the Pearson correlation coefficient was calculated to assess potential linear
relationships. The coefficient also allows for straightforward significance testing. The analysis
was performed in PAST software (version 4.16c¢).

RESULTS

Within this chapter, the results of the presented methodology for the collection and validation
of snow cover data will be evaluated. With regard to the detailed geostatistical analysis of the
processed data, other tables and graphs are available in Appendix.

Reference Networks

As introduced in the chapter Data and methods - during the measurement we used a total of
two GNSS RTK reference networks - national Czepos and commercial TopNet. The aim of the
comparison is to obtain an objective overview of the accuracy of individual GNSS reference networks
during measurements carried out under the same conditions: at the same time, at the same location
and under the same satellite configuration. Within the selected area, 7 points were signaled that
were surveyed (and will be used to evaluate X, Y and Z coordinates) and 75 points measured without
signalling, which were used only for the evaluation of the quality of the Z coordinate. This area was
then photogrammetrically scanned using a drone and a DJI P1 camera in two aerial missions (using
different reference networks). The data were then photogrammetrically processed into orthophoto
and digital surface model. Details on measurement, data collection and processing are given in the
Data and methods chapter.

Differences in X, Y and Z coordinates were then used for the accuracy analysis. An example
of measured coordinates and coordinates derived from orthophoto (location of points within a
signaled control point) is shown at Fig. 5.
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GCP GNSS

TopNet (4 cm distance
to center)

Czepos (3 cm distance
| 1 | to center)

Fig. 5 - Positional differences of Ground Control Point center derived from photogrammetric
processing using different GNSS correction networks.

Within the framework of a detailed geostatistical analysis (according to the methodology
presented above), 3 qualitative aspects were evaluated. A detailed statistical evaluation, including
tables and graphs, is available in Appendix.

According to the Moran indexes and its p-values (Appendix Table 1), spatial autocorrelation
is statistically significant in both models, but in different components. While the TopNet network
shows significant autocorrelation in the X coordinate, the spatial structure of the Czepos network is
more pronounced in the Y axis. The remaining components do not show spatial clustering of errors
and can be considered randomly distributed.

The normality condition was explored using skewness and kurtosis and subsequently tested
by the Jarque—Bera test. In all cases, no significant deviations from the normal distribution were
found (p-values > 0.1).

Pearson correlation coefficients between errors and altitude show a very strong linear
dependence in all cases, with the highest correlation recorded in the Y coordinate for both networks.

The results of our qualitative test confirmed the announced accuracies of the reference
networks (with regard to the influence of the distance from the reference station), even though the
centers of the control points are shifted by a distance of 3 cm in the case of the Czepos network and
4 cm in the case of the TopNet network.

Both reference networks exhibit statistically significant positive vertical biases, with Czepos
showing slightly larger systematic errors and RMSE compared to TopNet. Although TopNet performs
marginally better in terms of overall accuracy, both datasets are affected by significant spatial
autocorrelation and non-normal error distributions. The observed weak negative correlation with
elevation suggests a minor trend toward increasing underestimation of height at higher elevations

Concerning the Z coordinate accuracy - both Czepos and TopNet reference networks show
a statistically significant positive bias in elevation, with TopNet demonstrating slightly better overall
accuracy and stability (lower RMSE and standard deviation). The spatial distribution of errors is non-
random, exhibiting strong spatial autocorrelation in both systems. Error distributions are non-normal,
negatively skewed, and slightly leptokurtic, indicating a majority of values slightly below the mean
and the presence of a few large positive outliers. Additionally, a weak negative correlation between
error and altitude suggests a minor tendency to underestimate elevations at higher altitudes. Overall,
while both systems introduce systematic elevation overestimation, TopNet provides marginally more
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precise and consistent results, making it the preferable option for height data acquisition in this
context.

Influence of post-processing operations on LiDAR data

As mentioned in the methodological part of the article, when processing LIiDAR data, we
verified the influence of standard and less standard post-processing tools on the quality of the
resulting data. For this purpose, 46 points were signaled and coordinates measured with RTK GNSS
within the area of interest (see Fig. 3-A), which are used for qualitative evaluation of the output data.
Given the overlap of individual datasets, it is possible that a lower number of control points were
used in some accuracy analyses.

From the information available in DJI Terra Pro, the positions of the virtual reference stations
that were used for GNSS corrections within individual data collection campaigns were visualized. As
can be seen in Fig. 6-A, the 2 centers of the virtual stations are shifted by about 15 km from the
scanning area. These are datasets obtained 6/2023 and 12/2023.

Furthermore, we tested the effect of using one folding GCP with dimensions of 40 x 40 cm
on increasing the quality of the processed point cloud. As can be seen in Fig. 6-B, the center of the
GCP identified in the processed cloud is shifted by about 15 cm from its real position surveyed by
GNSS.

Fig. 6 A - Virtual GNSS correction stations centers; B - Ground Control Point (red square)
identified based on the LIDAR intensity and the GNSS measured center (white point).

The results of the applied post processing approaches were evaluated visually and using
statistical analyses of Z-coordinate differences on 46 control points within the processed datasets.
The RMSE indicator was used for each step (see Figure 7) and a detailed geostatistical evaluation
was then used for the best performing approach.

Raw data entering the post processing are presented in Figure 7-A (Smooth 1). In the first
step, smoothing (point cloud optimalization) in DJI Terra Pro (Figure 7-B; Smooth 2), smoothing in
TerraSolid (Figure 7-C; Smooth 3), smoothing in DJI Terra Pro and then in TerraSolid (Figure 7-D;
Smooth 4) were applied to the data. A SOR filter was then applied to the data from Figure 7-D
(Smooth 4) in the CloudCompare environment (Figure 7-E; Smooth 5). Detailed description of the
applied filters is given in Appendix — Table 3.

According to the evaluation of the RMSE results, the best data set is based on Figure 7-C -
data that was smoothed only by the function in TerraSolid. However, based on visual evaluation, the
data to which the smoothing filters have been applied in DJI Terra Pro, TerraSolid and the Cloud
Compare SOR filter come out best. In order to thoroughly verify the quality of data filtration, a detailed
statistical evaluation of the data from 6/2023 presented on Figure 7-C and E was performed.
Furthermore, the same approach was applied to the dataset from January 24, 2025. This dataset
was chosen with regard to the use of an experimental folding control point. Quality evaluation was
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carried out also on the derived point cloud, manually shifted by the detected correction vector in the
sense of the center shift of the identified center of the control point and its measured position (see
Fig. 6-B).

Figure 7 Results of application of methods for post-processing of LIDAR data. A - input data
(without optimization); B - smoothing (point cloud optimalization) in DJI Terra Pro. C - smoothing in
TerraSolid; D — point cloud optimalization in DJI Terra Pro and then smoothing in TerraSolid; E —
data from D with Statistical Outlier Removal function applied.

Statistical evaluation of postprocessing operations

The differences found in the Z coordinate were subjected to a geostatistical analysis
according to defined criteria. A detailed analysis of the results, including tables and graphs, is in
Appendix (Figure 4, Table 4, Table 5, Figure 6).

The spatial autocorrelation of model errors was statistically significant for both smoothing
methods (Smooth 3 and Smooth 5), which confirms the significant spatial clustering of the errors.
The central tendency was negligible — the average and median of the Smooth 3 were zero, the
Smooth 5 slightly above zero. Both methods achieved low dispersion with RMSE below 3 cm (0.024
m and 0.026 m), with a narrow, symmetrical distribution and no outliers. Normality tests showed no
significant deviations from the normal distribution. Visual and quantitative analysis showed that the
application of smoothing algorithms significantly improves accuracy compared to the unsmoothed
model (RMSE 4.79 cm). The Smooth 3 and Smooth 5 methods show the best results, with Smooth
3 having the advantage of completely symmetrical error distribution and lower variability, making it
the most balanced choice. Methods with DJI Terra optimization achieved fewer outliers, but slightly
higher deviations due to the suppression of height details. The highest internal consistency is
confirmed by the interquartile range (IQR) for Smooth 3, while outliers are more common for Smooth
1, 4 and 5. The Smooth 3 seems to be a suitable choice, especially where maintaining the height
details of the surface is key. On the other hand, Figure 7-C shows that the Smooth 3 method still
leaves the surface noisy. The Tab. 5 (in Appendix) clearly shows that the use of control points (even
if only one) significantly increases the quality of the cloud. The Smooth 5 method supplemented by
moving the cloud to the control point was therefore used for further data processing.

The impact of "bare earth" filtering on data quality
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Within the framework of continuous experimental testing of the accuracy of the obtained data,
it was shown that with regard to the ruggedness of the terrain of the area of interest (pits, ditches,
stone walls but as well high grass), the method of filtering the cloud to the "bare ground" has an
impact on the resulting structure of the point cloud. Points classified as ground are important for
deriving a summer data set ("snow-free" data. For this purpose, several algorithms for filtering "bare
ground" points were tested, which are contained in software products that are available for research
and that are commonly used - TerraSolid (Spatix), CloudCompare and ArcGIS Pro (Clasifl —
TerraSolid (Spatix)-based workflow with additional height-from-ground classification and SOR
filtering in CloudCompare; Clasif2 — ArcGIS Pro Standard Classification combined with SOR filtering;
Clasif3 — ArcGIS Pro Conservative Classification and SOR filtering; Clasif4 — ArcGIS Pro Aggressive
Classification and SOR filtering; Clasif5 — TerraSolid (Spatix) Classify Ground function with custom
terrain settings (e.g., max building size, terrain angle); Clasifé — Same as Clasif5 with additional SOR
filtering in CloudCompare; Clasif7 — Pure CloudCompare-based classification using SOR filter and
CSF (Cloth Simulation Filtering) plugin with Relief method. Detailed description of the filtering
methods is presented in Appendix — Table 6.

The quality assessment was based on more than 4,500 RTK GNSS points and 46 road-
marked points used to verify the impact of filtering algorithms on point cloud smoothing. The analysis
was conducted using three qualitative parameters. All methods showed significant spatial
autocorrelation of errors (Moran’s | between 0.107 and 0.180; p < 0.01), indicating a clustered spatial
structure. The error distribution deviated from normality (Jarque-Bera test p < 0.01), with pronounced
kurtosis (kurtosis > 20) and negative skewness; the most extreme characteristics were observed for
the “Clasif 7”7 variant (kurtosis = 67.9; skewness = -4.664). This variant also exhibited the highest
negative central tendency and RMSE (0.301 m). The lowest RMSE values were observed for the
“Clasif 17 and “Clasif 5” variants (0.247 m and 0.250 m, respectively). A high correlation (r > 0.99)
was found between the “Clasif 2—4” methods, while “Clasif 7” correlated minimally with the others (r
< 0.1), indicating its fundamentally different character. Most methods yielded comparable results,
except for “Clasif 7,” which showed the greatest variance and deviations. The best balance of
accuracy, stability, and consistency was performed by the “Clasif 1 Spatix” method, which achieved
the lowest RMSE, low variability, and strong correlation with other variants.

However, when these filters were applied to snow-covered landscapes, they caused a
significant removal of point cloud data representing the snow surface. For the purpose of isolating
snow cover from LiDAR data, a combination of filters was applied in CloudCompare, based on point
height above terrain, surface roughness, point density, and normal orientation. Height above ground
was used as a basic criterion to separate the snow layer from taller vegetation, while the calculation
of surface roughness in a small window helped distinguish the smooth snow surface from the
irregular structure of vegetation. Tree branches were further identified using their differing slope—
points with deviating surface normals were detected and subsequently removed. Point density can
also used to eliminate sparse structures typical of branches. By combining these criteria within
CloudCompare’s visualization environment, vegetation was effectively suppressed while maintaining
a continuous (dense) snow cover point cloud. The detailed filtering procedure is provided in the
Appendix — section “Methodology for filtering "bare ground" with snow cover”.

Measurement with a snow gauge stick, map of snow cover thickness and other
possible approaches

Validation of the measured data using a snow probe was carried out during two monitoring
campaigns in January 2025. During the LIiDAR scanning on January 13, 2025, a total of 43 test
points were measured, and on January 24, 2025, 42 points were surveyed. Prior to the second data
collection, a thaw followed by new snowfall occurred—this caused the lower snow layers to refreeze,
introducing uncertainty as to whether the snow probe reached the actual ground surface. Therefore,
these data were excluded from the accuracy evaluation. The point was first surveyed using RTK
GNSS and then with snow probe. The resulting map is shown on Fig. 8. Snow depths measured
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with a snow pole are represented by points. The used (winter) point cloud (January 13, 2025) was
also shifted based on the differences found on the folding GCP.

Snow depth (m)

show pole x LiDAR derived
LiDAR difference

® 0-0.15
® 0.15-0.3
® 03-05
® 0.5-0.8

Fig. 8 - Snow depth map including snow depth measurements using the snow pole

DISCUSSION

Our comparative analysis of the Czepos and TopNet GNSS correction networks revealed
subtle but systematic differences in positional accuracy. While both networks fulfilled the expected
precision requirements for UAV-based RTK measurements, TopNet demonstrated slightly lower
RMSE and standard deviation in elevation data, as well as a lower level of spatial autocorrelation in
the X-Y plane. This is consistent with findings by authors such as [33], who emphasize the
importance of network density and real-time signal quality in mountainous terrain. Notably, both
networks exhibited a consistent positive elevation bias of 8—11 cm, likely related to the virtual base
station location, which was ~15 km from the area of interest in some campaigns. These biases are
particularly important when no ground control points are available to compensate for such systematic
errors.

Our tests showed that the application of smoothing algorithms significantly improves LiDAR
data accuracy. The unsmoothed model (Smooth 1) had an RMSE of 4.79 cm, whereas all smoothed
variants reduced errors to approximately 2.5 cm. Among them, Smooth 3 (TerraSolid only) provided
the most balanced results, with zero mean and median error, and symmetrical distribution of
residuals. However, visual analysis revealed that the Smooth 5 method (a combination of DJI Terra,
TerraSolid, and CloudCompare SOR) yielded the most aesthetically consistent and least noisy
surface. This highlights an important trade-off: numerical indicators such as RMSE may not fully
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capture the surface smoothness or visual interpretability, which are often critical in hydrological or
environmental applications.

An important methodological insight is that UAV LIDAR campaigns without ground control
points are feasible, but subject to cumulative vertical errors. Our analysis shows that even a single
foldable GCP, if accurately positioned using RTK GNSS, can significantly improve vertical alignment
when used as a co-registration anchor for the point cloud. Moreover, point cloud smoothing in DJI
Terra Pro appears to slightly overestimate elevation values, as shown by consistent positive shifts
in error distributions. For this reason, we recommend using TerraSolid-based smoothing followed by
intensity and geometry-based filtering, especially in areas where no GCPs can be deployed.

Ground classification algorithms proved useful not only for identifying terrain but also for
suppressing noise in the point cloud. However, in snow-covered landscapes, standard bare-ground
filters tended to mistakenly classify snow surfaces as terrain, particularly in open meadows. Our
custom filtering method based on CloudCompare allowed for more accurate separation of snow from
vegetation by combining height above ground, surface roughness, return number, and normal
orientation. This multi-criteria approach proved essential for isolating snow cover in complex forest—
meadow mosaics.

Snow depth estimation from LIiDAR requires precise subtraction of snow-free and snow-
covered surfaces. However, the variability in vegetation height, especially in summer datasets,
complicates this process. Tall grass tufts and uneven ground structures often remain partially
unfiltered, resulting in false negatives (i.e., negative snow depth). We recommend collecting snow-
free data during late autumn or after frost events when vegetation is flattened and less influential on
terrain modeling. Although meteorological and logistical constraints may limit such campaigns, their
added value in reducing ground surface uncertainty is considerable.

While snow probes remain a useful tool for in-situ snow depth validation, our study identified
several uncertainties. First, GNSS survey poles used to define terrain elevation may penetrate
deeply into soil or vegetation, producing biased ground values. Second, snow probes may not
reliably indicate the true base of the snowpack, especially after thaw-refreeze events that form ice
layers or cause probe deflection. These factors limit the reliability of manual measurements as
validation for LiDAR-derived snow thickness. Future field campaigns may benefit from integrated
sensor probes or repeated time-series observations to reduce ambiguity.

The outcomes of this study go beyond methodological refinement and have direct
implications for applied environmental monitoring. The presented UAV-based LiDAR workflow offers
a scalable and replicable approach to snow documentation in mountainous regions with limited
ground access. Regional water authorities, environmental protection agencies, and land-use
planners may benefit from the spatially explicit data generated through this approach. In particular,
accurate snow thickness mapping supports improved hydrological modeling, flood risk estimation,
and planning of adaptation strategies in response to climate change. Moreover, the ability to
document snowpack variability across open and forested terrain can inform conservation
management in protected areas, such as national parks or nature reserves, where ground-based
sensors are often infeasible. Although the study area covers 3.1 hectares, it encompasses a
representative range of terrain variability and snow depths (0—1 m). This diversity, combined with
the availability of historical ground measurements, makes it a suitable site for detailed
methodological validation. Data obtained through this methodology are already being applied in
hydrological studies to assess snow water equivalent (SWE) and related flood risks. Additional
results, including analyses of SWE measurements performed in the Beskids Mountains, will be
published separately.

The current methodology involves multiple software environments and manual processing
steps, including point cloud filtering, noise removal, classification, and validation. While each step
ensures high-quality outputs, the process remains time-intensive and requires significant operator
expertise. Future work should explore the integration of automated workflows using open-source
libraries (e.g., PDAL, Open3D) or batch-processing tools in CloudCompare and TerraSolid. Such
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developments could facilitate near-real-time snow monitoring over large areas and support
operational deployment in remote sensing programs by governmental or academic institutions.

Operating UAVs in ecologically sensitive regions such as mountain ridges, forests, and
protected landscape areas presents a range of logistical and ethical challenges. Our methodology
was developed with careful attention to environmental regulations and conservation priorities.
Equipment was transported manually to minimize disturbance, flight durations were kept minimal,
and sensor deployments avoided critical habitats (e.g., wintering grounds of wildlife). These
constraints, while challenging, underscore the importance of designing monitoring approaches that
are both technologically effective and environmentally responsible. Future work should further
investigate how UAV-based methods can be harmonized with nature protection policies to enable
sustainable long-term monitoring.

CONCLUSION

This study presents a validated methodology for UAV-based LiDAR documentation of snow
cover in the complex environmental conditions of Central European Mountain regions. The results
highlight the importance of multiple technical and methodological factors that significantly influence
the quality and usability of derived snow depth data.

First, the choice of GNSS correction network plays a measurable role in positional accuracy.
While both tested networks (Czepos and TopNet) met expected standards, they exhibited systematic
elevation biases and significant spatial autocorrelation. TopNet showed marginally better
performance, particularly in elevation accuracy and error dispersion, making it a preferable choice
for height-sensitive applications when ground control points are unavailable.

Second, the study demonstrates that point cloud post-processing has a critical effect on
model quality. Among the tested approaches, the TerraSolid smoothing method (Smooth 3) provided
the most balanced numerical results, while a more comprehensive workflow including DJI Terra,
TerraSolid, and CloudCompare filtering (Smooth 5) yielded visually superior and less noisy outputs.
When supported by a single ground control point, the quality of the resulting surface model improved
significantly, confirming the utility of even limited GCP integration.

Third, the filtering of "bare ground" in snow-free datasets was shown to be a decisive step for
the accurate estimation of snow depth. The Spatix-based filtering approach (Clasif 1) achieved the
most stable results across more than 4,500 GNSS-validated points. In snow-covered scenes,
standard ground classification algorithms often failed due to confusion between snow and
vegetation. A combination of geometric criteria (e.g., roughness, normal orientation, and height
above ground) in CloudCompare proved effective for isolating the snow surface while minimizing
vegetation artifacts.

Finally, the study identified limitations in both the reference (snow-free) and validation (snow
pole) data. Tall vegetation in summer months introduced negative snow depth values, suggesting
that snow-free scanning is best conducted in late autumn or winter. Manual snow depth
measurements also suffered from uncertainties related to ground contact and snowpack structure,
underscoring the need for more robust in-situ validation techniques in future work.

Overall, this research contributes to the development of practical, field-tested workflows for
high-resolution snow cover monitoring using UAV LiDAR systems. The proposed methodology is
applicable in mountainous, remote, and protected landscapes, and offers valuable insights for
hydrologists, environmental scientists, and land managers. Future research should aim to automate
key processing steps, explore alternative validation methods, and extend the approach to different
climatic zones and terrain types.
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Appendix
Reference Networks
Detailed statistical evaluation of the accuracy of the Czepos and TopNet reference networks
used for surveyed points- the evaluation of errors of the X and Y coordinates (7 points used) is in
Tab. 1 and for the Z coordinate (75 points used) is in Chyba! Nenalezen zdroj odkazu.. and
in box plot graphs in Fig. 1,2 and 3.

Tab. 1 Statistical evaluation of X a Y coordinate accuracy (errors) for the Czepos and
TopNet reference network

Method | Czepos | TopNet
X Y X Y

Spatlal’ autocorrelation 0518 * 0.709 ** 0.742 ** 0437 *
(Moran’s Index)
Mean -0.013 t 0.003 t -0.033 *** 0.007 t
Median -0.016 t -0.004 t -0.027 ** 0.001 t
RMSE 0.023 0.029 0.036 0.020
Standard Deviation 0.021 0.031 0.017 0.021
Standardized -0.041 -0.247 -0.242 -1.033
Skewness
Standardized Kurtosis -0.042 -1.1 -1.729 0.884
Normality (Jarque-Bera
JB) 0.29 047 t 0.67 t 0.78 T
Pearson correlation 0.827 ** 0.965 *** 0.817 ** 0.967 ***

Statistical significance if tested: T not significant, * p-value <0.1, ** p-value <0.05, *** p-value < 0.01

The analysis of coordinate errors revealed that CZEPOS provides higher accuracy in the X
direction, with a lower mean error (-0.013 m) and no statistically significant deviation from 0 value.
In contrast, TopNet shows a significant systematic bias in X (mean value -0.033 m), despite similar
overall deviation (RMSE = 0.023 m).

In the Y direction, TopNet performs more reliably, with a lower RMSE (0.020 m), reduced
skewness, and weaker spatial autocorrelation compared to CZEPOS. The mean Y errors for both
networks are small and not significantly biased. CZEPOS exhibits higher clustering of error values
(Moran’s | = 0.709 **). Importantly, errors in both coordinates strongly correlate with elevation (Z),
indicating that accuracy decreases with increasing height, regardless of the reference network used.
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Tab. 2 Statistical evaluation of Z coordinate accuracy (errors) for the Czepos and TopNet

reference network

Method
Z (altitude) Z (altitude)

Spatial
autocorrelation 0.521*** 0.501***
(Moran’s Index)
Mean 0.107 *** 0.082 ***
Median 0.114 *** 0.086 ***
RMSE 0.119 0.095
Star?da.‘rd 0.053 0.048

eviation
Standardized -0.985 -0.848
Skewness
Standardized 14 1.01
Kurtosis
Normality
(Jarque-Bera 18.07*** 12.09***
JB)
Pearson -0.189* -0.156 t
correlation

Statistical significance if tested: 1 not significant, * p-value <0.1,

** p-value <0.05, *** p-value < 0.01.
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0,010
0,000
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Fig. 1 Box plot showing the differences for the Y coordinate
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Fig. 2 Box plot showing the differences for the X coordinate
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Fig. 3 Box plot showing the differences for the z coordinate

Accuracy and Systematic Errors of the Z coordinate analysis

Both reference networks exhibit a systematic overestimation of elevation values. For CZEPOS, the
mean deviation is 0.107 m and the median is 0.114 m. For TopNet, the mean is 0.082 m and the
median is 0.086 m. In all cases, the deviation of mean and median from O value is statistically
significant at the p < 0.01 level, indicating a consistent positive bias in elevation measurements.

Accuracy and Error Dispersion

TopNet achieved a lower overall error compared to CZEPOS. The root mean square error (RMSE)
for TopNet was 0.095m, while CZEPOS recorded a RMSE of 0.119 m. Similarly, the standard
deviation was slightly lower for TopNet (0.048 m) than for CZEPOS (0.053 m), suggesting a
marginally higher precision and stability in TopNet's elevation data.

Spatial Behavior of Errors

Both methods display significant spatial autocorrelation of errors. Moran’s | values were 0.521 for
CZEPOS and 0.501 for TopNet, both significantly different from O value. This indicates that errors
are not randomly distributed and form locally clustered patterns.

Statistical Properties of Error Distribution

The distribution of errors is not normal as confirmed by the Jarque-Bera test: 18.07 for CZEPOS and
12.09 for TopNet. (both statistically significant). The characteristics of skewness are negative (-0.985

@ DOI 10.14311/CEJ.20XX.0X. XXXX 3
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for CZEPOS and -0.848 for TopNet). suggesting that most values are slightly below the mean with
some larger positive outliers. Additionally, both distributions show a slightly increased kurtosis
(values above 1), indicating a sharper peak and heavier tails than a normal distribution.

Error Dependency on Elevation
There is a weak negative correlation between elevation errors and altitude. For CZEPOS, the
correlation coefficient is -0.189 and is significantly different from 0 value. This suggests a slight
tendency for elevation underestimation in higher terrain. For TopNet, the correlation is -0.156 and
is not statistically significant.

Influence of post-processing operations on LiDAR data

Tab. 3 Methods used to post-process LIDAR data
Smoothl | No smoothing applied.
Smooth2 | Only the Optimize Point Cloud Accuracy function in DJI Terra Pro was used.
Smooth3 | Without using the Optimize Point Cloud Accuracy function in DJI Terra Pro; instead,
TerraSolid (Spatix) was used with the Smoothen and Remove Noise tool.
Smooth4 | Combination of Smooth2 and Smooth3; smoothing applied both in DJI Terra Pro and
in TerraSolid (Spatix).
Smooth5 | Combined approach including SOR filtering in CloudCompare (SOR parameters: 8
neighbors, standard deviation multiplier 1.5).

Visual inspection of the 3D difference models (Main text — Fig. 7 A—E) confirms the quantitative
finding: a significant deviation is only evident in the unsmoothed model (RMSE = 4.79 cm), while all
tested smoothing variants achieve an RMSE between 2.4-2.78 cm. The results show a consistent
improvement in accuracy due to the application of smoothing algorithms. The detailed description of
the used post-processing methods is in Tab. 3.

When comparing smoothing methods over communications the best results are achieved by the
Smooth 3 and Smooth 5 variants, both with an RMSE of around 2.5 cm. The differences between
them are minimal, but the Smooth 3 method is characterized by a completely symmetrical distribution
of errors (mean = median = 0) and slightly lower variability which makes it the most balanced choice
—see Tab. 4

Methods using DJI Terra optimization show lower dispersion and fewer outliers. but achieve slightly
higher deviations compared to the Smooth 3 method. probably due to smoothing that suppresses
fine height details of the surface. See Fig. 4.

On further visual analysis presented on Fig. 4. outliers are prominent in Smooth 1. but also occur in
Smooth 5 and Smooth 4. which may indicate local errors in classification or a less appropriate
selection of points in some segments of communication.

The symmetry of the distribution is best in the Smooth 3. where the median lies almost exactly in the
middle of the box. On the other hand, there is a noticeable hint of a positive shift in the Smooth 4
and Smooth 5 (the median is closer to the lower limit of the box) which may indicate a tendency to
overestimate the height.

The visualization also confirms earlier quantitative results — Smooth 3 is the only method without DJI
optimization that achieves very good results and can be preferred where maintaining height details
is a priority. On the other hand, FigFig. 5 shows the structure of the point cloud (both the original and
the spatially repaired one using the control point) and the position of the control point. The control
point always comes out into the space between the LIiDAR points of the cloud so the verified value
of the Z coordinate is always interpolated from the cloud under test.

@ DOI 10.14311/CEJ.20XX.0X. XXXX 4
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The Smooth 3 and Smooth 5 methods were subjected to detailed geostatical analysis. The spatial
autocorrelation of model errors was statistically significant in both compared methods (Moran's | =
0.487 and 0.694 respectively; p-values < 0.01) indicating a significant spatial structure of the
residuals.

The central tendency was negligible — the mean and median error for the Smooth 3 method was 0
while for the Smooth 5 they reached values of 0.014 m and 0.016 m respectively.

The variance of errors was low for both methods with RMSE below 3 cm (0.024 m for Smooth 3 and
0.026 m for Smooth 5) which is fully consistent with the expected accuracy over communications.
Standardized skewness and kurtosis and the box plots show a narrow distribution around zero with
a minimum of outliers.

The normality test (Jarque-Bera) did not reveal significant deviations from the normal distribution for
any of the methods (p > 0.1).

The "peaks" visible in Fig. 7-C (in the main text) are always outside the control points and even
though the statistical evaluation values of the Smooth 3 method come out better than the Smooth 5
method. This method wins in terms of visual quality (smoothness).

The effect of point cloud co-registration on only one ground control point was also evaluated as part
of the statistical analysis. Box plot difference of Z coordinates (their significant improvement after the
implementation of GCP into processing) within the Smooth 5 method is on Fig. 6

Il Smooth 1 [l Smooth 2 [l Smooth 3 Smooth 4 [l Smooth 5 [l Smooth 6

0.2
0.15
0.1

0.05

-0.1

-0.15

Fig. 4 Box plot of errors of tested smoothing methods (Smooth 1 — Smooth 6) referring to
data in Tab. 4.

@ DOI 10.14311/CEJ.20XX.0X. XXXX 5



Article no. X

CIVIL
ENGINEERING
JOURNAL

THE CIVIL ENGINEERING JOURNAL Y-20ZZ

0.1

Fig. 5 GNSS measured contr/ point (white), original point cloud (red), positionally corrected
point cloud (green).

Tab. 4 Detailed statistical analysis of errors of Smoothing 3 and Smoothing 5 methods on

summer data (June 19, 2023

Method Smooth 3
Spatial
autocorrelation 0.487 *** 0.694 ***
(Moran’s Index)
Mean 0.000 0.014
Median 0.000 0.016
RMSE 0.024 0.026
Standard 0.024 0.022
Deviation
Standardized 0.068 0.09
Skewness
Standa}rdlzed -0.378 0.4
Kurtosis
Normality 0.416 1 0.106 1
(Jarque-Bera JB) ' '
Pearson 0.452 0.452
correlation

Statistical significance if tested: 1 not significant, * p-value <0.1, ** p-value <0.05, *** p-value < 0.01.
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Tab. 5 Detailed statistical analysis of errors of Smoothing 3 and Smoothing 5 methods on
winter data (January 24, 2025)

Method [T 'Smooth5 [  Smooth5GCPused |

Spatial
autocorrelation 0.849 *** 0.773 ***
(Moran’s Index)
Mean -0.119 0.011
Median -0.111 0.013
RMSE 0.121 0.025
Sta'.‘d?rd 0.020 0.022

eviation
Standardized .0.416 0273
Skewness
Standgrdized 2135 2173
Kurtosis
Normality
(Jarque-Bera 2.765 t 1.881 1
JB)
Pearson 0.946 0.946
correlation

Statistical significance if tested: 1 not significant, * p-value <0.1, ** p-value <0.05, *** p-value < 0.01.

0.1

0.05

-0.05

-0.1

-0.2

l Smooth 5 [l Smooth 5 GCP used

Fig. 6 Box plot of errors in Z coordinate on point cloud without Ground Control Point co-
registration (blue) and with Ground Control Point co-registration (right).
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The impact of "bare earth" filtering on data quality

Point cloud processing software products include various methods of "bare ground" filtering.
As part of our processing. we tested algorithms in our available (and widespread) tools. An overview
of the tested methods is in Chyba! Chybny odkaz na zalozku..

Tab. 6 Tested methods for filtering "bare ground”
Clasif 1 | 1. Spatix: Process Drone Data — used Thin Points to Inactive, Classify Ground (value: 10),
Classify Height from Ground (1;5)
. CloudCompare: SOR filter (8 neighbors, standard deviation multiplier 1.5)
. ArcGIS Pro: Classify LAS Ground — Standard Classification method
. CloudCompare: SOR filter (8 neighbors, standard deviation multiplier 1.5)
. ArcGIS Pro: Classify LAS Ground — Conservative Classification method
. CloudCompare: SOR filter (8 neighbors, standard deviation multiplier 1.5)
. ArcGIS Pro: Classify LAS Ground — Aggressive Classification method
. CloudCompare: SOR filter (8 neighbors, standard deviation multiplier 1.5)
. Spatix: Classify Ground — default settings, modified: Max building size 8 m, Terrain
angle 15°, Iteration angle 10°, Iteration distance 100 m
1. Spatix: same as Clasif5
2. CloudCompare: SOR filter (8 neighbors, standard deviation multiplier 1.5)
1. CloudCompare: SOR filter (8 neighbors, standard deviation multiplier 1.5)
2. CloudCompare (CSF plugin): Relief method; advanced settings — Cloth resolution: 0.5,
Max iterations: 500, Classification threshold: 0.5

Clasif 2

Clasif 3

Clasif 4

RN PRINPRIN RN

Clasif 5

Clasif 6

Clasif 7

Tab. 7 Detailed statistical analysis of Z-coordinate errors for individual bare ground filtering
methods

Method Clasif 2 Clasif 3 Clasif 4 Clasif 5  Clasif 6

Spatial

autocorrel

ation 0.107 ** | 0.110 *** | 0.114 = |0.413 == | 0-178 1 0.180 15 155 wue
(Moran’s

Index)

Mean 20.148 0150 | -0149 | -0149 | -0.085 | -0.085 | -0.241
Median 20167 20171 | 0169 | -0170 | -0.101 | -0.102 | -0.253
RMSE 0.247 0.251 0253 | 0250 | 0250 | 0251 | 0.301
Standard | 4 19g 0.201 0205 | 0201 | 0235 | 0236 | 0.180
Deviation

Standardi

zed -1.816 1772 | 1673 | 1710 | 0647 | 0588 | -4.664
Skewness

Standardi

zed 37.254 | 35852 | 34387 | 35.650 |23.102 | 22.508 | 67.900
Kurtosis

Normality

(Jarque- 21971&.876 20211:]*.294 1844?*2*.956 1995(33*.912 75133;823 70723;017 79609*%.946
Bera JB)

Pearson 10+ 0092+ |0.088** |0.995== | 0-839 | 0835 14 jag
correlation

Statistical significance if tested: 1 not significant, * p-value <0.1, ** p-value <0.05, *** p-value < 0.01.

Quality was evaluated on the basis of more than 4500 points measured by RTK GNSS within
the test area of interest. This analysis also included 46 road-focused points (and used to evaluate
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point cloud smoothing) to verify the possible effect of filtering algorithms on the overall quality of the
point cloud. The quality of the filtered point cloud was again evaluated using three defined qualitative
parameters. The results are presented in Tab. 7.

The spatial autocorrelation of errors was statistically significant in all tested methods (p-
values < 0.01) with Moran index values ranging from 0.107 to 0.180. This indicates that the errors
are not randomly distributed in space and exhibit a spatial structure.

The normality of the error distribution has not been confirmed for any of the methods. Jarque-
Bera statisticsachieved extremely high values and were significantly different from normality in all
cases (p-values < 0.01). This corresponds to high values of standardized kurtosis exceeding 20 and
negative skewness in all cases. The most significant deviations from normality were recorded in
Clasif 7 (kurtosis = 67.9; skewness = - 4.664) as confirmed by the box plot with numerous outliers
(see Fig. 7).

The central tendency (mean and median) was negative for all methods with the lowest values
again for Clasif 7 (mean = - 0.241; median = - 0.253). The variance of errors (RMSE) was also
highest for this variant (0.301) while the lowest RMSE values were achieved for Clasif 1 and Clasif
5 (0.247 and 0.250 respectively).

The relationships between the methods errors and elevation were expressed by Pearson's
correlation coefficient. A high correlation (r > 0.99) was observed between most variants of standard
processing (Clasif 2, Clasif 3 and Clasif 4). On the other hand the Clasif 7 method showed a low
correlation (r = 0.063), which indicates a fundamentally different nature of the resulting errors.

Although the individual classification methods differ slightly in accuracy most of them give
very similar results. The largest deviations and variance of errors are shown by the variant Clasif 7
while the other approaches differ mainly in lower variability and better symmetry of errors. In practice,
most of the tested methods can be considered comparably applicable if they are applied consistently
and with regard to the specific conditions of the given area.

Of all the approaches tested, the Clasif 1 method shows the best ratio between accuracy,
stability and a reasonable degree of variability as it achieves the lowest RMSE (0.247 m).
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Fig. 7 Box plots of errors in the Z coordinate for individual classification approaches

Methodology for filtering "bare ground" with snow cover

To remove vegetation in the case of a point cloud with snow cover. It is advisable to use a
point cloud from the period without vegetation in combination with a cloud with snow. Calculation of
the approximate maximum thickness of snow cover — a "snow-free" cloud with filtered vegetation is
converted to mesh and then the "Cloud to Mesh distance" is calculated. From the winter cloud we
extract only points that are in the range of +/- 0 to the maximum snow depth. This will filter out most
of the vegetation. This step can only be replaced by estimating the snow depth — i.e. filtering points
that lie within our estimated interval. In the following steps it is necessary to remove the remains of
vegetation.

1. Filtering according to Roughness around the points (Tools > Other > Compute Geometric
Features) and choose a window size of 0.5 — 1 m (in our case 0.5 m). Snow has low
roughness, vegetation significantly higher. We filter points with low Roughness (Edit > Scalar
Fields > Filter By Value (in our case < 0.05)).

2. Filtering by return number - snow usually reflects only one pulse (last return). while vegetation
often causes multiple reflections. Filter only Last Return (Edit > Scalar Fields > Filter By Value
(in our case = 1)).

3. If the sensor has recorded intensity. we check the histogram (Edit > Scalar Fields > Show

Histogram). We filter values with typical snow intensity - it is usually higher but it depends on
the specific scan (Edit > Scalar Fields > Filter By Value (in our case > 100)).

@ DOI 10.14311/CEJ.20XX.0X. XXXX 10
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The previous procedure will filter out most of the vegetation but it is still necessary to focus
on the remnants of branches.

We will use the "local roughness" function again. Branches often change the slope and shape
of the surface — even if they are low — they have a different geometry than smooth snow. In
the "Compute Geometric Features" tool. select "Roughness" but this time in a small area (0.1
— 0.3 m). We then filter the points with a Roughness > 0.01.

It is also advisable to filter the cloud according to the normals. Normals need to be computed
first (Edit > Normals > Compute). Other parameters - Neighborhood radius (depending on
cloud density. ,Auto” can be selected); Preferred orientation: +Z. In CloudCompare normals
need to be exported as a Scalar Field (Edit > Normals > Export Normals to SF(s)). We export
points with a normal value. e.g. 0.95 — 1.0. That is we keep only points that have normals
almost perpendicularly upwards (typically snow).

After these two steps. most of the vegetation points should be filtered out. However.
if there are still some left — usually isolated points — we will use the next step.

The SOR (Statistical Outlier Removal) filter can be applied to the individual points that
remained after the previous filtration process in the Tools > Clean > SOR menu. In the
parameters we need to set "k" which is the number of nearest neighbors (in our case 10) and
Sigma - the number of standard deviations from the average distance (in our case 1.5).
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ABSTRACT

In order to solve the problem of poor bonding and easy peeling of reinforced concrete
structure strengthened by steel wire mesh and polymer mortar (SWM-PM). In this paper, a steel wire
mesh and polyurethane cement (SWM-PUC) composite strengthening technique is presented. The
flexural properties of one unreinforced beam, two SWM-PM strengthened beams and four SWM-
PUC composite strengthened beams were studied experimentally. The experimental results show
that the SWM-PUC composite reinforcement layer can improve the load carrying capacity and rigidity
of reinforced concrete beams and limit the unfolding cracks significantly. The SWM-PUC composite
strengthened beams have pure bending damage and peeling damage between the strengthening
layer and the concrete has not occurred. However, SWM-PM strengthened beams with the same
SWNM reinforcement ratio occurred with peeling damage between the reinforcement and the concrete.
On basis of an experimental study, the theoretical formulas for cracking load, ultimate load, deflection
and width of crack of SWM-PUC composite strengthened beams are proposed by the simplified
stress-strain constitutive relation of the material and the theoretical formulas are deduced with the
code. By contrasting the test results with the theoretical computation results, the accuracy of the
experiment results and the reliability of the theoretical formulas were verified.

KEYWORDS

Steel Wire Mesh and Polyurethane (SWM-PUC) Cement Composite, Flexural Strengthening,
Reinforced Concrete Beam, Calculation Theory
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INTRODUCTION

Bridges play a vital role in highway transportation and are indispensable infrastructure.
However, with the passage of time and the influence of the natural environment, coupled with the
overloading of vehicles and outdated design standards, concrete bridges are subject to problems
such as material aging, cracking and insufficient bearing capacity [1-3]. From the economic and
environmental point of view, adopting a reasonable method of maintenance and reinforcement can
produce good economic and social benefits.

At present, the main reinforcement methods for reinforced concrete bridges [4-5] are pasting
carbon fiber plates [6-7] and pasting steel plates [8]. Pasted steel plate reinforcement method and
pasted carbon fiber plate reinforcement method are convenient in construction, both of which can
greatly increase the bearing capacity of specimens and hardly affect the structural headroom height.
However, the aging resistance of the carbon fiber plate material itself is poor, and the steel plate is
prone to corrosion in the environment of nature. Because of the uneven surface of the concrete
beam, the steel plate and carbon fiber plate are difficult to fit well with the concrete surface. There is
an urgent need to solve the problem of durability after the strengthening of pasted carbon fiber plates
and pasted steel plates.

Steel wire mesh (SWM) is used for bridge structural strengthening due to its good tensile
strength, toughness and durability [9-11], often using cement-based such as polymer mortar [12-14]
and engineered cementitious composite (ECC) as its bonding and anchoring material with concrete
[15-16], polymer mortar and ECC have good film-forming properties, which can adapt to the uneven
surfaces of the concrete structure being strengthened. Fang Y, through the experimental study on
the flexural strength of beams reinforced with high-strength wire mesh and ECC composite materials,
found that the SWM and engineered cementitious composite (SWM-ECC) strengthening layer can
significantly increase the flexural resistance and stiffness of the reinforced beams, and decrease the
width of the cracks in the composite layer and delay the development of the concrete cracks [17].
However, ECC is a cement-based material that requires wet work, which has problems with long
curing time and low early strength. In addition, the poor bonding of ECC materials to the strengthened
beams results in peeling damage to the SWM-ECC strengthening layer and the strengthened beams,
which reduces the utilization rate of the SWM [18-19]. Xing G, conducted a flexural loading
experimental study on steel wire mesh and polymer mortar (SWM-PM) strengthened RC beams,
and SWM-PM was found to be effective in improving the load carrying capacity and rigidity of RC
beams, but the tentative strength and bonding properties of polymer mortar material have certain
limitations, and cracking of the SWM-PM reinforcement layer and stripping of the reinforcement layer
from the concrete surface occur, affecting the durability of the reinforced bridge structure [20].

To solve the problem that the bonding between the strengthening layer and concrete of
reinforced concrete T-beam strengthened by SWM is poor and easy to peel off, the strengthening
efficiency of reinforced concrete T-beam strengthened by SWM is further improved. In this paper, a
method of strengthening existing reinforced concrete beams by using steel wire mesh and
polyurethane cement (SWM-PUC) composite materials is proposed. Through the flexural experiment
of SWM-PUC composite strengthened reinforced concrete T-beams, the change law of flexural
performance of strengthened beam is explored, and to clarify the crack development, damage mode
and load carrying capacity of the SWM-PUC composite strengthened reinforced concrete T-beams
are clarified. Based on the experimental study, the flexural calculation method of the strengthened
reinforced concrete T-beam by SWM-PUC composite strengthening is proposed.

TEST PROFILE
Material Properties
Concrete

Ordinary silicate cement was used for cement, natural river sand was used for fine aggregate,
and two kinds of graded crushed stone with diameters ranging from 5 to 25 mm and 25 to 31.5 mm
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were used for coarse aggregate. The 28-day cubic compressive strength and flexural strength of the
concrete are measured to be 31.8 MPa and 5.30 MPa, respectively. The modulus of elasticity of the
concrete was 30 GPa and Poisson's ratio was 0.2.

Steel

The diameter of the tensile reinforcement is 18 mm, and the diameter of the stirrups and
erection reinforcement is 8 mm. The yield strengths of the 18 mm and 8 mm diameter reinforcement
is 400 MPa and 335 MPa, respectively, and the ultimate strengths are 600 MPa and 510 MPa,
respectively. The modulus of elasticity of the reinforcement is 200 GPa and Poisson's ratio is 0.3.

SWmM

The type of steel wire is 6 x 7 + IWS (a steel wire has 6 strands, each consisting of 7 steel
wires, with IWS as the center metal strand core). The steel wires mesh is made of steel wires with a
diameter of 2.4 mm, the area of a single steel wire is 4.52 mm?, the tensile strength is 1520 MPa,
the elastic modulus is 140 GPa, and the ultimate tensile strain is 0.0187.

Polymer Mortar

Polymer mortar is made by mixing cement, fine aggregate, polymer emulsion and admixtures.
Polymer emulsion is an important component of polymer mortar. The compressive and flexural
strengths of the polymer mortar are measured to be 55 MPa and 5.6 MPa, respectively. The modulus
of elasticity of polymer mortar is 23.1 GPa.

PUC Material

PUC material is polymerized from polyester polyols, isocyanates and cement. The
combination PUC as presented in Table 1. The axial tensile test of the PUC material measured a
tensile strength of 35.6 MPa. PUC has a tensile modulus of elasticity of 5500 MPa and an ultimate
tensile strain of 7000 ue. The expression of PUC obtained by fitting the result data is as follows:

Coie =—0.24566&,,.> +6.85318¢,,. —0.34356 1)

where opyc is the stress of PUC material, epuc is Strain of PUC material.
Tab. 1 - The mix ratio of PUC material

Components of PUC Ratio/%
Polyester polyol 25
Isocyanate 25
Concrete 40
Molecular sieve 10

Specimens Design

A total of seven reinforced concrete (RC) beams were designed for the experiment, including
one unreinforced beam, two SWM-PM reinforced beams, and four SWM-PUC composite
strengthened beams. The beam length is 3800 mm, the upper flange width is 360 mm and the beam
height is 320 mm. The thickness of the concrete protective layer is 25 mm. The distance of the
loading point from the support is 1500 mm and the shear span ratio is 5.5.

The main parameters of the test were in addition to the type of bonding anchorage material
in the reinforcement layer. The reinforcement ratio of the SWM, the thickness of the PUC, the
anchoring method and the loading method were also considered. For a beam with initial damage,
the beam is preloaded before strengthening so that the maximum crack width of the beam is 0.2 mm.
After unloading, the beam is strengthened. After the strengthening and maintenance are completed,
the graded loading is carried out. The specimen design parameters are presented in Table 2.
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Tab. 2 - Specimens design parameters
Bonded Number of
Bonded anchoring anchoring o End anchoring Loading
Beam . . longitudinal
materials materials . method method
; steel wires
thickness(mm)
CB - - - - -
B1 Polymer mortar 20 8 - -
B2 Polymer mortar 20 8 End U-shaped -
anchorage
B3 PUC 20 5 - -
B4 PUC 20 8 - -
B5 PUC 30 5 - -
B6 PUC 20 8 - Preload

Loading and Measuring Programs

The loading method of the test was four-point bending loading, and the loading device as
presented in Figure 1. There test beams were all simply supported beams with a 3600 mm span and
a distance of 600 mm between the two loading points. Preload the test beam before official loading
and inspect all the test instruments and meters to see if they work properly. Before cracking of the
test beams, the loading level was 2 kN. The loading level after cracking of the test beams was 5 kN,
and the loading was stopped when the maximum crack of the test beams exceeded 1 mm.
Displacement gauges were arranged at the center of the beam span and at the loading point location
to measure the deflection during the loading process. Concrete strain gauges were arranged along
the beam height of the experimental beam to measure the concrete strain during the loading process.
Strain gauges were placed in the tension reinforcement to measure the reinforcement strain. Strain
gauges were arranged at the strand position in the middle of the span to measure the strain of the
strand during loading. All measurements were collected by a static strain collection box.

Fig. 1 - Test loading device diagram

TEST RESULTS AND ANALYSIS

Cracking Load

The cracking loads of all the specimens are presented in Table 3. The cracking load of beam
CB was 10 kN. The cracking load of beam B1 reinforced with SWM-PUC was 14 kN, which was a
40% increase over beam CB. The cracking load of beam B2 reinforced with SWM-PM was 16 kN,
which was a 60% increase over beam CB. Due to the U-shaped anchorage of beam B2, the cracking
load of beam B2 was elevated by 2kN compared to beam B1. Beam B3 was strengthened with a
SWM-PUC composite with a cracking load of 18 kN. Beam B4 had a cracking load of 20 kN. With
the same thickness of the strengthening layer, the reinforcement ratio of the SWM in the
strengthening layer of beam B4 was larger than that of beam B3, so the cracking load of beam B4
was elevated by 2 kN compared with that of beam B3. The cracking load of beam B5 was 22 kN,
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and the thickness of the strengthening layer of beam B5 was larger than that of beam B3 with the
same configuration of the strengthening layer's SWM, and the cracking load of beam B5 was
elevated by 4kN compared with that of beam B3.

Tab. 3 - Characteristic load test value

c . Increase . Increase . Increase
Beam racking relative to Yield relative to Ultimate relative to
load/kN load/kN load/kN
CB/% CB/% CB/%
CB 10 - 60 - 80 -
B1 14 40 70 16.6 85 6.3
B2 16 60 75 25 94 17.5
B3 18 80 79 31.6 112.8 41
B4 20 100 85.8 43 122.6 53.3
B5 22 120 98 63.3 140 75
B6 - - 84 40 120 50

Yield Load and Ultimate Load
(1) Yield load

The yield loads for all specimens are shown in Table 3. The yield load of beam CB was 60 kN.
The vyield loads of beams B1 and B2 were 70 kN and 75 kN, respectively, and the yield loads were
elevated by 16.6% and 25%, respectively, compared with beam CB. Showing that the SWM-PM
reinforcement method can enhance the yield load of the strengthened beams. Beam B2 was
anchored with U-shaped anchor, beam B2 had a 5 kN higher yield load than beam B1. The thickness
of the strengthening layer of beam B1 and beam B4 was the same as the reinforcement ratio of the
SWM in the strengthening layer, and the yield load was 70 kN and 85.8 kN, respectively. The yield
load of beam B4 was 22.6% higher than that of beam B1. It indicates that the SWM-PUC composite
can better enhance the yield load of strengthened beams. The thickness of the strengthening layer
was the same for beam B3 and beam B4, and the yield loads were 79 kN and 85.6 kN, respectively.
The yield load of beam B4 was elevated by 8.6% compared to beam B3. The reinforcement ratio of
the SWM in the strengthening layer of beam B3 and beam B5 was the same, and the yield load was
79 kN and 98 kN, respectively. The yield load of beam B5 was elevated by 24.1% compared to beam
B3. Beam B6 was a preloaded beam. The ultimate loads of beam B6 and beam B4 were 43 kN and
40 kN, respectively. It shows that SWM-PUC strengthening had a good strengthening effect on
beams with initial damage.

(2) Ultimate load

The ultimate loads of the specimens are shown in Table 3. The thickness of the strengthening
layer of beam B1 and beam B4 was the same as the reinforcement ratio of the SWM in the
strengthening layer. The ultimate loads were 86 kN and 122.6 kN, respectively, and the difference
in ultimate load was 36.6 kN. The thickness of the strengthening layer was the same for beam B3
and beam B4. The ultimate load of beam B4 was elevated by 8.7% compared to beam B3. The
reinforcement ratio of the SWM in the strengthening layer of beam B3 and beam B5 was the same,
and the ultimate load was 112.8 kN and 140 kN, respectively. The ultimate load of beam BS was
elevated by 24.1% compared to beam B3. The thickness of the strengthening layer of beam B4 and
beam B6 was the same as the reinforcement ratio of the SWM in the strengthening layer. The
ultimate load increase of the preloaded beam B6 was 50%. The ultimate load increase of beam B4
without preloading is 53.3%. The increase in the ultimate load of both was almost the same.
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Load-Strain Curve Analysis
Longitudinal Reinforcement Strain

It can be seen from Figure 2 that the longitudinal reinforcement strain is linearly related to the
load before cracking of the specimen. When the load reached 40 kN. The strain in the unreinforced
beam was 1585 pe. The strains of beams B1 and B2 strengthened with SWM-PM were 1,288 pe and
1,127 ue. At this time, the strains of B3, B4, B5 and beam B6 strengthened by SWM-PUC composite
were 853 ug, 697 peg, 632 ye and 750 ue, respectively. Under the same load, the strain change of the
SWM-PUC composite strengthening specimen was small. The reason is that the SWM shares part
of the load during the loading process so that the load increment of the strengthened beam is smaller
for the same longitudinal reinforcement strain. With the increase in load, the reinforcement yielded
and the constraint of the concrete by the SWM became more obvious. The load continued to increase
and the SWM-PM strengthening layer peeled away from the concrete. However, the PUC remained
well bonded to the concrete, and the slope of its load-reinforcement strain curve decreased slowly.
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Fig. 2 - Load-reinforcement strain curve Fig. 3 - Load- steel wire strain curve

Longitudinal Reinforcement Strain

The load-steel wire strain curve as presented in Figure 3. The SWM is involved in the force
throughout the loading process, and the load is linearly related to the strain in the steel wire before
the beam cracks. With the increase of load, the cracks develop and expand gradually, the
neutralization axis moves upward, and the strain in the SWM increases. When the steel wire yields,
the strain of the SWM increases rapidly. This is because the stress of the steel wire remains constant
and the load is shared between the SWM and the PUC until the composite reinforcement breaks.
Among them, the SWM-PM strengthened beams B1 and B2, the strength of the SWM was not fully
utilized because the strengthening layer was damaged by peeling off from the concrete, and the
SWM was not pulled off.

PUC Strain

The load- PUC strain curves for beams B3, B4, B5 and B6 are shown in Figure 4. Under the
same load, the strain of PUC of beam B5 was less than that of PUC of beam B3. It shows that the
stiffness of the test beam increases as the thickness of polyurethane increases. Among them, the
load-PUC strain curves of test beams B4 and B6 almost overlapped, indicating that they had the
same stiffness. Furthermore, it showed that the beam still had good stiffness after being reinforced
with cracks after preloading. The ultimate bearing capacity was the same as that of the test beam
which had not been preloaded. The ultimate damage loads of the test beams for the four different
working conditions were 112.8 kN, 122.6 kN, 140 kN, and 120 kN, respectively. At that time, the
corresponding PUC strains were 7000 pg, 7140 pe, 7336 pe, and 7071 ue, respectively. Compared
with polymer mortar materials, PUC materials had better bonding properties and tensile strength and
had a better effect on bearing capacity when combined with steel wire strengthening.
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DERIVATION OF THEORETICAL FORMULAS OF SWM-PUC COMPOSITE
STRENGTHENED REINFORCED CONCRETE BEAMS.

Basic Assumptions

The following fundamental assumptions are made for the computation of the bending capacity
of the reinforced concrete T-beam in its normal section during bending after strengthening:

1. Neglect the bond-slip of the SWM-PUC composite strengthening layer in the contact area
with the concrete.

2. Equivalent stress plot is used for concrete instead of actual curve stress plot. The height
is the height of the compression zone and the width is the design value of concrete
strength.

3. Before a flexural member reaches the limit state of load bearing capacity, the section
strains are essentially consistent with the flat section assumption.

4. The constitutive relationship of concrete refers to the design code standard for concrete

structures [26], as shown in Figure 5. After the concrete cracks, the tensile effect of the
concrete is ignored.
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(a) Compressive constitutive model (b) Tensile constitutive model

Fig. 5 - Constitutive relation model of concrete

5. The three-stage stress-strain constitutive relationship model is used for the reinforcement.
The elastic phase, yielding phase, and strengthening phase, in that order, are presented
in Figure 6.
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reinforcement composites

6. The stress-strain constitutive relationship model of the SWM-PUC composite layer as
presented in Figure 7. The model is divided into two segments, a rising segment and a
strengthening segment for the elastic-plastic change of the PUC material. The calculation
formula is as follows:

2
A&yn-puc + PEwmruc (0 < Eympuc S EWM—PUC,cr)

Owm-puc = _ 4 < <
Y\ &wm-pruc T Ewm-puc.er ) T Owm-puC.cr (EWM,puc,cr = Ewmopuc = gWM—PUC,u)

2)

+ B Aun
PUC A
PUC

2gWM-PUC,cr

ﬂ = EPUC +EWMAWM /APUC

v =031E Awn ! Awmpue +80 3)

Bearing Capacity Analysis

Cracking Load

The structural mechanics method was used to analyze the internal forces of the strengthened
beams under load. The stress relations for the strengthened T-beam are presented in Figure 8.
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Fig. 8 - Cracking moment stress diagram

The split load of SWM-PUC reinforced RC-T beams can be computed according to the following
equation:
M, =y W, 4)
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where y is the coefficient of influence of plasticity of concrete under load, fi is the concrete axial

tensile strength, Wy is the elastic resistance moment of the tension edge should be obtained by
conversion. The conversion formula is as follows (5) ~ (9).

T-section beams with members in the elastic phase before cracking, the converted cross-
sectional area Ag is computed by the equation below:

Ay =biy +b(h=y )+ (n, =1) A +(myppove = 1) Aynioue 5)
The static moment Sy of the T-beam section is:
. h, N
S, =b.h, [h—szHJ(h—hf)(zfj (6)
The neutral axis h¢ of the T-beam is:
L h, N h—h
bh| h—"L |+b(h—h £
S0 ”[ 2j+( f)[ 2 j (7)

o AO - b;‘h; +b(h_h;‘)+(ns _I)As +(nWM-PUC _l)AWM-PUC

Through the parallel shift formula, the moment of inertia lo of the converted section is obtained
as:

Using the parallel shift equation, the expression for the moment of inertia1 of the converted
section is derived as.

' \3
b: (A L i 2 , 2
1, = ' (IZf) +behg (h —h, _Zf}"(”s _I)As (hc _as) +(”WM»PUC _I)Awm-puc (hc _aWM-PUC) (8)
Therefore, the resilient moment of resistance Wy at the tension margin is:
1
w, === 8
=7 ®)

E
where ns is the ratio of elastic modulus of steel bar to concrete, n, = E—S nww-puc is the ratio of
C

EWM-PUC b'
— s Mis

modulus of resilience of SWM-PUC composite to concrete, n,ypyc = hr is the upper

C
flange width, flange thickness, h, hc is the reinforcement T-beam full section height, neutral axis
section height, As. Awwm-puc is the section area of the steel wire, SWM-PUC composite materials,
as. awwm-puc is the district from the point of steel wire ensemble to the margin of the tensile area,
SWM-PUC ensemble to the margin of the tension area, Sois the static moment of T-beam section
after reinforcement, h. is the neutral axis of T-beam after reinforcement, W is the elastic resistance
moments of the strengthened T-beam.

The theoretical formula for the cracking load is:
F,=0.75M 9)

The computed and experimental values of splitting loads are presented in Table 4. As presented
in Table 4, the cracking loads of T-beams strengthened by SWM-PUC composite showed significant
improvement. And the reinforcement layer SWM reinforcement ratio and reinforcement layer PUC
thickness the greater the influence. The computed values are in general accord with the experimental
values.
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Tab. 4 - Comparison of calculated and test values of cracking loads
Beam CB B3 B4 B5
Test value/kN 10 18 20 22
Calculated value/kN 9.5 16.5 18.6 20.5
Error value 5% 8.3% 7% 6.8%
Ultimate Load

The bearing capacity of beam CB was 80 kN. The bearing capacity of beam B3 with five
longitudinal steel wires was 112.8 kN. The bearing capacity of beam B4 with eight longitudinal steel
wires was 122.6 kN. Compared to the unstrengthen beam CB, the load carrying capacity of beams
B3 and B4 increased by 41% and 53.3%, respectively. The bearing capacity of beam B5 with five
longitudinal steel wires and 30 mm thickness of PUC was 140 kN. It was 75% higher than the
unreinforced beam and 22% higher than beam B3 with the same reinforcement ratio. Based on the
height of the pressure zone of the equivalent rigid stress map, the flexural components strengthened
with SWM-PUC composite were divided into two types. The first type of flexural capacity calculation
as presented in Figure 9.

B b , LB i, (B, —B)]

* 1 fbyx . 1
] Y T = !l I J
3 h| by

1=

T 4, 7
— L= ‘ c/ . "

— Awpuc o T
- b 4 T = ; WA
.
Fig.9 - The first type of flexural load capacity Fig. 10 - The second type of flexural load
calculation diagram capacity calculation diagram

If the following equation is met, it is the first type of reinforced T-beam:

JA + Onpuc Awrue S f;bflhf' +fsAs (10)
Find the height of the pressure zone according to this formula:
S+ OyapucAwmrue S fcbf'x + fsAs (11)

The bending capacity of the normal section is computed according to the following formula:
' X Vo '
70Mg‘ﬁ:bfx(h0_2]+f;As(h0_as) (12)

The second type of flexural capacity calculation is shown in Figure 10.

If the following equation is not met, it is the second type of reinforced T-beam:

JA + TyanpucAwrue < f;bf'hf' + fsAs (13)
The height of the compression zone is calculated according to the following formula:
SA+ O ynmucAove = 1| b (B =b)+bx |+ £4] (14)

To ensure that the reinforcement is suitable for the damage of the beam, the height of the
compression zone should meet 2as'SXS§hO, then the positive section flexural capacity is
computed according to the following formula:
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v M Sfcbx(ho —§j+fc(bf' —b)(ho —%]+ﬂA; ey (15)

_ [fsAs (h —a ) + O wm-puc Awm-ruc (h — Awm-puc )]
(fsAs + Oyn-pucAwwm-puc )

where 7, is the structural importance factor, M is the positive section bending moment, fs, fs\

fc is the design value of tensile strength of tensile reinforcement, the design value of compressive
strength of erection bars, the design value of concrete compressive strength, As. As is the cross-
sectional area of the tensile reinforcement and the cross-sectional area of the compressive

reinforcement, Awm-ruc. Oyypuc IS the sectional area of SWM-PUC composite, the tensile stress of

SWM-PUC composite, br. hi. b is the width of the top flange of the T-beam, thickness of the top
flange of the T-beam, and width of the ribs of the T-beam, h, ho. X is the height of full section of
reinforced T-beam, effective height of reinforced T-beam section, height of pressurized area of
section, as. as. awwmruc is the distance from the tensile reinforcement to the bottom of the beam,
the distance from the compressive reinforcement to the upper flange, and the distance from the total
stress point of the SWM-PUC composite to the bottom of the beam.

The ultimate bearing capacity values using the above computation method are in good
agreement with the test values, with an error of no more than 10%. As presented in Table 5.

o (16)

Tab. 5 - Comparison of calculated and test values of load capacity

Beam CB B3 B4 B5

Test value/kN 80 112.8 122.6 140
Calculated value/kN 78 108 116 132
Error value 2.6% 4.2% 5.5% 6%

Deflection Analysis

It has been shown experimentally that the load versus deflection curve can be approximated as
two linear phases before the reinforcement yields. Therefore, the deflection of the specimens
strengthened using the SWM-PUC composite can be accurately computed directly from the bilinear
model. The bilinear approach directly maps the load-deflection relationship into two linear
approximation expressions. Calculate the partial bending moment M. before cracking lo to obtain
the deflection fi. According to the moment of inertia I, calculate the bending moment M'=M-Mc; of
the other part after cracking to obtain the deflection f., and then calculate the total deflection of the
specimen as f=f1+f;. The revised deflection is calculated as follows:

M +M‘Mcr] (17)

f — 112 [ cr
ﬂlEcIO ﬂZEcIcr

where B;. B, is the influence coefficient, parsing the experimental data by linear regression

yielded the influence coefficient B;=0.95. B,=0.72. & is the coefficient of deformation, | is the

computed spans of reinforced specimen, M is the value of cracking moment, M is the real bending
moment value,lo. lr is the moment of inertia of the section before and after cracking, Ec is the
modulus of elasticity of concrete.

The test results of the SWM-PUC composite strengthened T-beam were contrasted with the
calculated results as presented in Figure 11. The corrected deflection calculations were in better
agreement with the partial experimental results of the SWM-PUC composite strengthened T-beam.
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The results show that the equation can be used to compute and predict the deflection of SWM-PUC

composite reinforced T-beams in the yield load range.

Load (kN)

140

Load(kN)

140

120 |

100 |

80

60

40

80 -

60 -

40 |

20 -

—o—Test value
&
& —o— Calculated value

5 10 15 20 25 30
Mid-span deflection (mm)

(a) Beam B3

——Test value
—“—Calculated value|

5 10 15 20 25 30
Mid-span deflection (mm)

(c) Beam B5

Load (kN)

Load (kN)

140

120 |

100 |

80

1 1
0 5 10 15 20 25

120 et
~
100 P
P .
80 + ,_/! (-
v
60 - ) /’
#
40 - {4/ —o— Test value
p —o— Calculated value;
20 [
Y L . A L .
0 S 10 15 20 25 30
Mid-span deflection (mm)
(b) Beam B4

—o— Test value
—o— Calculated value

1 L L

Mid-span deflection (mm)

(d) Beam B6

30

Fig. 11 - Comparison of test and calculated deflections in the yield load range

The ultimate deflection is calculated using the method of structural mechanics, and the
deflection of the strengthened test T-beam is computed in accordance with the following equation:

B B, (18)
Meve —| May | By
(Ms) +[1 (Ms) }Bcr
M. =yfW (19)
_25 (20)
WO
f:243M (21)
3208

where Sy is the static torque of T-beam after strengthening in section, y is the coefficient of

plastic influence of tensile zone concrete, W, is the moment of elastic resistance at the tension margin,
Bo is the full-section bending stiffness, Bo=0.95E.+lo, Bc: is the bending stiffness of cracked section,
Ber=Ecrlcr.

The comparison of the deflection values using the above calculation method with the test values
as presented in Table 6. The error between the computed value of ultimate deflection and the test
value does not exceed 10%, which is within reasonable limits.
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Tab. 6 - The calculated values of deflection are compared with the test values
Beam CB B3 B4 B5 B6

Test value/kN 26.1 26.3 27.5 28.8 26.2
Calculated value/kN 25 25.5 26 26.6 24.5
Error value 4.2% 3% 5.5% 7.6% 6.5%

Section Stiffness Analysis
Effect of Reinforcement Ratio of SWM on Strengthened Concrete T-beam

The influence of the reinforcement ratio of the SWM on the section stiffness as presented in
Figure 12. Specimen A and specimen B have the same parameters of ordinary steel reinforcement
ratio and PUC, but different reinforcement ratios for the SWM. It can be seen from equation (4), the
bending moment of cracking of specimen B is larger than the cracking moment of specimen A. Since
both specimens had the same reinforcement rate of ordinary steel bars, the two straight lines after
cracking had the same slope. At the equivalent bending moment, the lower section rigidity of
specimen B is higher than that of specimen A It is observed that the stiffness increases with the
increase in the reinforcement ratio of the SWM for the same common steel reinforcement ratio.

M A M A
Specimen B
Specimen B M|
L R R :/_/ Specimen A
Mol i ~77 Specimen A
o5 L # M - S
“[aA = Ea ; / ‘ ! 2 4
() | ’
17 I,
/y l,
| .,
| //| ’
// ’:Y/ ///,Bir
<8y | A -
0 %\\ R T 0 @: [0}
Fig.12 - Effect of reinforcement ratio of Fig. 13 - Effect of reinforcement ratio of
SWM on section stiffness ordinary steel on section stiffness

Effect of Common Reinforcement Ratio on Strengthened Concrete T-beams

The influence of the reinforcement ratio of ordinary steel on section stiffness as presented in
Figure 13. The reinforcement ratio of the SWM and the thickness of the PUC of specimen A and
specimen B are the same, and the reinforcement ratio of ordinary steel in specimen B is larger than
that in specimen A. The bending moment at cracking of specimen A and specimen B are equal. The
reinforcement ratio of the section plays a major role in influencing the slope of the line in the second
stage after cracking. The greater the ratio is, the greater the slope is. The rigidity of specimen B in
the second stage is larger than that of specimen A. Therefore, the cross-sectional stiffness of
specimen B will be greater than that of specimen A for the same bending moment.

Effect of PUC on Reinforced Concrete T-beams

The effect of PUC thickness on section stiffness as presented in Figure 14. The reinforcement
ratio of the SWM and the reinforcement ratio of the ordinary reinforcement are the same parameters
for both specimen A and specimen B, but the thickness of the PUC is different. From the graph, it is
clear that the cracking load of specimen B is larger than the cracking load a of specimen. The
sectional stiffness of specimen B is greater than that of specimen A. The findings indicate that the
use of PUC as a bond anchoring material can appropriately increase the cracking load and rigidity
of the second stage.
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Effect of SWM-PUC Strengthening Layer on Reinforced Concrete T-Beam

In order to investigate the influence of using SWM-PUC composite reinforcement on the flexural
stiffness of the test beams, the load-deflection curves of beams CB, B3, B4 and B5 were compared,
as presented in Figure15. The results show that the SWM-PUC composite reinforcement method
can improve the stiffness of plain reinforced concrete T-beams significantly. Largely because: (1)
The use of the steel wire mesh increased the cracking load of the beams, thus substantially
increasing their service stage stiffness; (2) The use of SWM for reinforcement is tantamount to
increasing the reinforcement ratio of the beams, thus increasing the stiffness of the beams during
the service phase; (3) PUC has some flexural properties and durability, and it can hold the SWM
better, thus increasing the stiffness of the beam.

Crack Width Analysis

Referring to the concrete structure design code [26], the crack width of strengthened concrete
is calculated as follows:

d
wmax = acr‘// O-SS 19C+0081+7a <9
E 146 p,

s

_0.65/, (22)
pteo—ss
_ M

O-SS - s
(1+a) Anh,

=11

where ac; is the characteristic coefficient of stress for beam, a,=1.7, Esis the elastic modulus of
longitudinal reinforcement, c is the thickness of the protective layer, a is the equivalent rigidity
coefficients of SWM-PUC composite strengthening layer, 6 is the SWM-PUC composite
reinforcement layer impact factor, v is the reinforcement strain coefficient, when v <0.2, let v =

0.2, and when v >1.0, let v = 1.0, fiis the standard tensile strength of concrete axis, O is the

equivalent stress of composite reinforcement in the tension zone, Ms is the value of moment under
standard load combinations.

Formulas based on crack spacing and crack width. In this paper, a method of strengthening
reinforced concrete T-beams with SWM-PUC composite was presented. Calculations were carried
out for beams reinforced with different proportions of SWM reinforcement ratio and PUC thickness,
and the results of split width calculations were compared with the measured results, as presented in
Table 7. From the table, it is seen that the calculation method of the modified formula matches well
with the measured value, and it can be closer to the actual split width than the actual crack width.

@ DOI 10.14311/CEJ.2025.02.0015 226



Article no. 15

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 2-2025
JOURNAL
Tab. 7 - The calculated value of crack width compared with the test value
Beam CB B3 B4 B5 B6
Test value/kN 0.58 0.49 0.48 0.45 0.47
Calculated value/kN 0.54 0.47 0.46 0.44 0.45
Error value 6.9% 4% 4.1% 2.2% 4.3%
CONCLUSION

In view of some problems in the strengthening of reinforced concrete structures by SWM-PM.
The composite reinforcement technology combining SWM-PUC material was proposed. To verify
the practicability of this composite reinforcement technique, the research on the bending properties
of reinforced concrete beams strengthened by SWM-PUC was emphasized, and the main findings
were as follows:

(1) The cracking load of the SWM-PUC composite strengthening layer on the test beams was
significantly better than that of the SWM-PM strengthening layer. When the thickness of the
strengthening layer was 20 mm and eight steel wires were configured. The cracking load of the
beams strengthened with SWM-PUC composite was 42.8% higher than that of the beams
strengthened with SWM-PM. When there were three fewer steel wires, the cracking load of the SWM-
PUC strengthened beam was still 28.6% higher than that of the SWM-PM strengthened beam.

(2) The SWM-PUC composite strengthening was more effective in lifting the yield load of the
strengthened beams. The yield load increases with the increase in the reinforcement ratio of the
SWM and the thickness of the strengthening layer. When the thickness of the strengthening layer
was 20 mm and eight steel wires were configured. The yield load of the beams strengthened with
SWM-PUC composite was 22.6% higher than that of the beams strengthened with SWM-PM. At a
strengthening layer thickness of 20 mm, increase in steel wires from five to eight. The yield load
increase was 8.6%. When eight steel wires were configured, the thickness of the strengthening layer
was increased from 20 mm to 30 mm yield load was increased by 24.1%.

(3) The SWM-PUC composite strengthening can effectively enhance the load bearing capacity
of the specimens more than the SWM-PM strengthening. And the yield load increased with the
increase of the reinforcement ratio of the SWM and the thickness of the strengthening layer. When
the thickness of the strengthening layer was 20 mm and eight steel wires were configured. The
ultimate load of the SWM-PUC composite strengthening beams was 44.2% higher than that of the
SWM-PM strengthening beams. At a strengthening layer thickness of 20 mm, increase in steel wires
from five to eight. The ultimate load increase was 8.7%. When eight steel wires were configured, the
thickness of the strengthening layer was increased from 20 mm to 30 mm ultimate load was
increased by 24.1%.

(4) The theoretical formulas for cracking load, ultimate load, deflection, and crack width of
reinforced concrete T-beams strengthened with SWM-PUC composite reinforcement were derived
in conjunction with existing codes. The test results are within 10% error of the theoretical calculations.
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ABSTRACT

To study the cutterhead’s muck transfer performance of the TBM applied in the EH project, in
China, a discrete element method (DEM) based numerical model was built and the mucking process
was simulated at different penetration rates and cutterhead rotational speed. It was found that the
conventional straight-supporting-rib cutterhead performed well at different penetration rates and low
RPMs, but the muck excessive throwing issue was serious when the RPM was higher than 10
rev/min. To overcome this problem, a new arched-supporting-rib cutterhead was proposed. The
curvature radius of the arched supporting ribs is suggested between 1.25 m and 1.75 m, and the
offset angle is suggested between 40° and 45°. The newly proposed arched-supporting-rib
cutterhead can perform well in muck transfer at a greater RPM range of 4~13 rev/min, which allows
the TBM to be excavated at low, medium, and high RPMs considering ground conditions and
requirements of construction progress.

KEYWORDS
TBM, Muck transfer, Discrete element method, EDEM, Supporting rib

INTRODUCTION

As a kind of heavy professional engineering equipment, the full-section hard rock tunnel
boring machine (TBM) has been widely used in the fields of hydropower, mining, highway, and
railway engineering. The TBM cutterhead has key functions such as rock cutting, tunnel support,
and muck transport. The muck transfer process is of vital importance for TBM tunneling because it
directly affects the advancing speed, cutterhead blockage, cutter wear, and cutterhead design. The
muck transfer components on a cutterhead mainly include the mucking buckets, mucking chutes,
and supporting ribs. During TBM excavation, the rock muck and chips are first scooped up by the
muck buckets, then pass the mucking chutes, and finally slide into a hopper through the supporting
ribs. The literature is reviewed considering the three muck transfer components.

Representative studies on the muck buckets are as follows. Qi et al [1] focused on the
modification and renovation of the worn muck buckets on a TB880E type TBM after its application
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in the Qinling tunnel and Taohuapu tunnel projects, in China. The renovated TBM was then applied
in the excavation of the Zhongtianshan tunnel in Xinjiang Autonomous Region, China. Mao [2] found
that the modified buckets were frequently damaged under fractured ground conditions due to the
repeated strong impact of large rock blocks on the buckets. The bucket saddles and bolts were
strengthened to solve this problem. Zhang [3] verified the application of a new low-alloy wear-
resisting cast steel in TBM muck buckets and found that the service life can be improved by 60%.
Geng et al. [4] built a numerical model of the TBM mucking process using PFC3D software to analyze
the influence of bucket structure, height, and width on the cutterhead mucking performance
considering the average mucking speed and passing rate. According to the aforementioned
research, it is found that the muck bucket structure has been basically settled and thus the key
problem lies in the bucket installation and metal wear resistance.

Representative studies on the mucking chutes and supporting ribs are as follows. Geng et
al. [5-7] built the numerical models of the TBM mucking process using PFC3D and EDEM software
considering the flat-face, conical-shaped, multi-stage, and corrugated cutterheads respectively. The
influences of the number, length, width, and area of the mucking chutes on the mucking performance
were investigated comprehensively. Xia et al [8-12] simulated the TBM mucking process using
EDEM software and the results were compared with field TBM mucking tests. The influence
mechanism of the structural parameters of mucking chutes on mucking performance and bucket
wear was revealed, and an optimization design method for mucking chute layout was proposed.
Based on the TBM mucking simulations using PFC3D software, Huo et al. [13-16] proposed a fuzzy
evaluation method for the mucking performance. The influences of the mucking chutes and
supporting ribs on the mucking performance were studied and the structures were optimized. Li et
al. [17] simulated the TBM mucking process using the ABAQUS software to reveal the influence of
supporting rib angle and cutterhead revolutions per minute (RPM) on mucking performance.
According to the aforementioned research, it is found that the particle-based discrete element
method (DEM) is widely used to simulate the TBM mucking process. Owing to the advantage of GPU
calculation, the EDEM software seems to be more adequate to simulate the large-scale TBM
mucking problem with millions of particles. As TBMs are large customized equipment, the design of
the mucking components should be conducted and evaluated according to the mucking performance
in specific ground conditions with different operation parameters.

In this study, the mucking process of an open-type TBM applied in Erhe (EH) project in
Xinjiang Autonomous Region, China, was simulated using the EDEM software and its GPU
calculation technique. The mucking performance considering the mucking rate and the muck residual
quantity was evaluated when the cutterhead was rotated at different penetration rates and RPMs.
To improve the mucking performance with high cutterhead RPMs, an arched supporting rib was
proposed, and the structures were optimized via groups of mucking simulations. This study provides
new insights and guides for the design of the cutterhead’s supporting ribs considering the mucking
performance.

PROJECT OVERVIEW

Brief description of the sites

The total length of the Keshuang section tunnel in the second phase of the Xinjiang EH Water
Supply Project is about 283.4 kilometers, rendering it the world's longest water supply tunnel. The
project crosses the low mountains and hilly areas between the south slope of the Altay Mountain
and the north slope of the East Tianshan Mountain. The landscape features high elevations in the
northern regions and lower ones in the southern parts, with the east being elevated and the west
lower in altitude. The overall terrain gradually decreases from northeast to southwest, with the
altitude ranging from 750 to 1300 meters.

The total construction length of the bid-Il section is 23.34 kilometers. As shown in Figure 1,
the tunnel was first bored with a TBM from the northwest exit to the middle for 10840 m. Upon
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completion of the central 2000-meter stretch using the drill and blast (D & B) technique, the TBM
was overhauled and stepped through this section and then bored the next section of 10500 m toward
the southeast exit. The tunnel route's geological composition primarily consists of tuff and tuffaceous
sandstone from the Carboniferous and Devonian periods, as well as intrusive granite from the
Variscan period. The rocks are hard and the rock mass is intact, mostly of medium to hard grade,
belonging to Class Il and Il surrounding rocks. It is suitable for the application of a TBM because
the maximum buried depth is no more than 150 m and thus the rock burst risk is low. However, there
are 10 fracture zones along the tunnel alignment and the width of fracture zones is from 4 m to 35
m. Meanwhile, the inclination angles of the fracture zones are at least 55 degrees. When the TBM
excavates in the fracture zones, the rock muck amount is possibly large and the rock chips are
possibly massive in size, which may cause the stuck of the TBM. As a result, it is necessary to
analyze the mucking performance and verify the mucking ability of the TBM cutterhead.
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Fig. 1 - Geological profile along the tunnel alignment of bid-Il section (the scale ratio of the
horizontal to the vertical axis is 25:1)

Brief description of the applied TBM and field penetration data

The applied 'ZTT7030' open-type hard rock TBM was manufactured by China Railway
Construction Heavy Industry (CRCHI) corporation limited. As shown in Figure 2, the total length and
weight of the TBM are 220 m and 1300 t, respectively. The length and weight of the TBM host from
the cutterhead to the rear support are 23.8 m and 600 t, respectively. The total installing power is
approximately 4403 kW. The maximum excavation diameter is 7.03 m when new gauge cutters are
equipped. A cutterhead is equipped with a total of 48 constant cross section (CCS) disc cutters,
comprising 8 central cutters (i.e. 4 double disc cutters with 17 inches in diameter), 28 face cutters
with 19 inches in diameter, and 12 gage cutters with 19 inches in diameter. A total of 6 mucking
chutes are set on the outer circumference of the cutterhead and the mucking buckets are mounted
respectively. The chips allowed to pass the mucking chutes are smaller than 250 mm in the middle
axis. The cutterhead is driven by eight 350-kW motors, resulting in the cutterhead revolutions per
minute (RPM) of 0~10.9 rev/min, rated torque of 4410 kN-m (at 5.5-rev/min RPM), and extricating
torque of 6620 kN-m (at 0.5-rev/min RPM). The cutterhead is pushed via the main beam by 4 thrust
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cylinders of 2000 mm in stroke, resulting in the rated and maximum thrust of 23562kN and 27489
kN, respectively. The muck conveying ability of the main belt conveyer is 1000 t/h.

The field penetration data, including the torque, thrust, RPM, and penetration of the
cutterhead are shown in Figure 3 when the TBM excavated in a successive excavation chainage
from DK15462 to DK15488. The data were exported from the industrial computer for one time per
minute. This period lasted for 500 min and the advancing distance was 26 m. During this period, the
excavation was stopped 9 times, including 6 regular step changes which lasted 5 min for each, and
3 rests for regular tunnel support works which lasted 30 min for each. The time for net penetration
counted for 73.8% of the total period, indicating a high machine utilization ratio. During the regular
penetration, the average cutterhead thrust and torque were 11953 kN and 1678 kN-m respectively,
which account for 51% and 38% of the rated thrust and torque respectively. The rock-breaking ability
of the TBM was not fully exploited considering the influences of rock mass stability, cutter wear, and
tunnel support speed. The cutterhead RPM was stable whose average value was 6.2 rev/min. The
average penetration was 7.1 mm/rev. The field penetration data can guide the parameter setting of
the mucking numerical model in the next section.

! . — = 23800 {
cutterhead shield driving components  main beam _support boots rear support

.o ]

|| & o o ol ibo o
o000 0 (e«
7030 : - - B —— - = —
I itz
/A |
|

gage cutter

face cutter

p— center cutter
1

Fig. 2 - The applied ZTT7030 TBM, (a) the host machine, (b) layout of cutters and mucking chutes
on the cutterhead, (c) hoisting and installation of the cutterhead on site.
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Fig. 3 - The TBM field penetration data in DK15462-15488.

NUMERICAL ANALYSIS OF THE CUTTERHEAD MUCKING PERFORMANCE

Model setup

The particle-based DEM software EDEM?P was used to build the numerical model of the rock
muck transfer process. According to Geng et al. [6], the rock mucking performance was not affected
by the disc cutters. Thus, the cutters and their installing boxes were not modeled to improve the
calculation speed. The cutterhead was modeled according to the drawing shown in Figure 2. The
structure and dimension of the mucking components including the mucking chutes, mucking buckets,
and supporting ribs were in accordance with the drawing. The intricate cutterhead and muck hopper
were crafted in binary stereolithography (STL for short) format with Creo software and subsequently
brought into EDEM?P software as rigid components. The tunnel face and surrounding face are
directly modeled in the EDEM?3P software.

According to Geng et al. [5], the simulation result of the rock mucking process is strongly
affected by the dimension and shape of the rock chips. To improve the simulation accuracy, the rock
chips were statistically modeled using a 3D reconstruction technology. As shown in Figure 4, a group
of rock chips were randomly collected from the project site. The chips were then scanned using a
3D scanner to reconstruct the STL-format models. Next, the STL-format chips were imported into
the EDEM?®P software and filled with particles to accomplish the particle-aggregated chip templates.
During the simulation, the number of chips generated based on each template was controlled by the
volume of each template as well as the cutterhead diameter, RPM, and penetration. The physical
properties and contact parameters are shown in Table. 1.

Rock chips ,{s,‘fes STL-format chip models Particle-aggregated chip templates

Fig. - 4 Process of the rock chip modelling.
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Tab. 1 - Model physical properties and contact parameters

Model parts Poisson's ratio Density/(kg-m-3) Young's modulus/GPa
Structural

clements 0.3 7850 210

Rock chips 0.25 2600 55

Contact group  Contact model ngf?iggem Static friction coefficient Sllggg?figriig}]i?n
Chip-chip o 0.3 0.5 0.05
Hertz- Mindlin
Steel-chip 0.5 0.4 0.03

During the EDEM simulation process, the rock debris can be set as either unbreakable or
breakable, referred to as particle blocks and particle clusters respectively. Setting the rock debris as
breakable particle clusters allows for the simulation of secondary breakage during the stirring and
discharge processes, which more closely resembles the actual debris discharge process. However,
the rock debris used in this study was sourced from a conveyor belt and had already undergone
secondary breakage, thus there was no need to simulate the secondary breakage process of the
debris. If the rock debris were set as breakable particle clusters, it would consume a significant
amount of time in steps such as contact traversal and bond analysis, greatly increasing the
computational cost. Therefore, the rock debris was set as unbreakable.

Based on the above settings, the numerical model for rock muck transfer of the TBM
cutterhead is illustrated in Figure 5. The structural elements include a cutterhead body colored in
grey, a muck hopper colored in yellow, and the tunnel and surrounding surfaces represented in
meshes. The cutterhead body is composed of the front panel, mucking chutes and buckets,
supporting ribs, the back cone, and the flange. The distance between the front surface of the
cutterhead and the tunnel face is set as 145 mm, which is identical to the height of the center and
face cutters. The muck hopper is composed of a funnel and a slide to collect the muck from the
supporting ribs and transfer it out of the model domain in order to improve the calculation speed.
The muck is generated from a particle factory that is located near the tunnel face. The muck falls to
the tunnel bottom by gravity is scooped up by the mucking buckets, and then passes the mucking
chutes, and then glides into the hopper via the supporting ribs. The simulation lasts for 40 s. To
evaluate the mucking performance, the weight of muck at the base of the space between the
cutterhead and tunnel face (Mr, kg), the weight of the muck in the cutterhead chamber (Mc, kg), and
the weight of the muck transferred from the hopper (Mr, kg) were recorded every 0.1 s during the
simulation. The muck passing rate (PR) can be calculated as the ratio of My to the weight of the
generated muck (Mg, kg) in the time period from 20 s to 40 s when the mucking process is stable.
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i Model domain

1-Tunnel and surrounding
surfaces

2-Cutterhead

3-Mucking chutes and
buckets

4-Supporting ribs

5-The generated muck

6-Muck hopper

7-Muck on the bottom

Fig. 5 - lllustration of the numerical model for rock muck transfer of the TBM cutterhead.

Influence of the penetration rate on mucking performance

According to Figure 3, the cutterhead's RPM was generally stable with an average value of
6.2 rev/min. However, the penetration rate varied from 4 mm/rev to 12 mm/rev. To examine how the
penetration rate affects mucking efficiency, five simulations were conducted using the model shown
in Figure 5 by setting the penetration rate as 4, 6, 8, 10, and 12 mm/rev, respectively. The
cutterhead's RPM was kept at 6.2 rev/min. The mucking performance under different penetration
rate is shown in Figure 6. Each figure was captured at 24.5 s when the mucking process was stable.
The increase of muck generate rate from 41.4 kg/s to 124.1 kg/s can be observed from the front of
the models. According to Figure 6 and Figure 7, as the penetration rate increases, the amount of the
muck accumulated in the tunnel bottom (Mr) increases obviously, which may exacerbate the
secondary wear of the gage cutters. Besides, the weight of the muck removed by each mucking
bucket and the Mc increase with the increasing penetration rate, which may bring in additional
resistance moments for the cutterhead. For each penetration rate, the fluctuation of Mr and Mc
becomes stable after 15 s, indicating that the muck generation and transfer enter a dynamic balance
mode. It means that the muck in the tunnel bottom and cutterhead chamber will not keep
accumulating and increasing, indicating that the ability of the cutterhead to transfer muck is sufficient
under the studied conditions with different penetration rates. This is also proved by Figure 7c¢, which
shows that the muck passing rate (PR) is near 100% for different penetration rates. For each model,
the fluctuation frequency of Mr and Mc is 0.63 Hz, which equals the product of the amount of mucking
chute and cutterhead revolutions per minute.
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Fig. 6 - Mucking performance under different penetration rates, (a) 4mm/rev; (b) 6 mm/rev; (c) 8
mm/rev; (d) 10 mm/rev; (e) 12 mm/rev.
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Fig. 7 - Indicators to evaluate the mucking performance under different penetration rates, (a) Mr;
(b) Mc; (c) PR.

Influence of cutterhead's RPM on mucking performance

Although the cutterhead's RPM was generally stable during the given stage in Figure 3, it can
be improved properly in some stable and not-so-hard ground conditions in order to increase the TBM
advance rate on the premise of not serious cutter wear. To examine the impact of the cutterhead's
RPM on mucking performance, four simulations were conducted using the model shown in Figure 5
by setting the RPM as 4, 7, 10, and 13 rev/min, respectively. The penetration rate was kept at 7
mm/rev. The mucking performance under different cutterhead's RPM is shown in Figure 8. Each
figure was captured at 24.5 s when the mucking process was stable. The increase of muck generate
rate from 70 kg/s to 227.5 kg/s can be observed from the front of the models. According to Figure 8
and Figure 9a, as the RPM increases, the amount of the muck accumulated in the tunnel bottom
(MF) is generally the same for different models. This occurs because although the muck generates
rate increases with the increase of RPM, the scooping frequency of the muck buckets also increases
with the increase of RPM. When the RPM is lower than 10 rev/min, the fluctuation of Mc is stable for
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different models after 15 s (Figure 9b), and the PR is near 100% (Figure 9c), which indicates that
the muck generation and transfer can enter a dynamic balance mode. For the model with an RPM
of 10 rev/min, although the PR is near 100%, the muck mainly falls on the left side of the hopper and
is about to be thrown out of the hooper. For the model with an RPM of 13 rev/min, a large amount of
muck remains on the mucking chutes and supporting ribs and accumulates in the cutterhead
chamber. The Mc increases as the simulation progresses and its value is much larger than the other
three models. Meanwhile, the PR is only about 86%, indicating the insufficient mucking ability of the
cutterhead. This is because that much muck is thrown out of the hopper and keeps accumulating in
the cutterhead chamber due to the high linear velocity, which can be observed in Figure 8d. It
indicates that the RPM of the studied 7.03-m-diameter cutterhead should better be lower than 10
rev/min, which agrees with the designed RPM range (0~10.9 rev/min) of the TBM.

Complerely muckmg Muck excessive thrown

Fig. 8 - Mucking performance under different cutterhead's RPM, (a) 4 rev/min; (b) 7 rev/min; (c) 10
rev/min; (d) 13 rev/min.
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Fig. 9 - Indicators to evaluate the mucking performance under cutterhead's RPM, (a) Mg; (b) Mc;
(c) PR.
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DESIGN AND OPTIMIZATION OF ARCHED SUPPORTING RIBS

Based on the above analysis, the unsuitable of the straight-supporting-rib cutterhead for high
RPM operation is caused by the long-distance throw of the muck due to the high linear velocity of
the outer circumference of the cutterhead. In contrast, the arched-supporting-rib cutterhead may
perform better which is illustrated in Figure 10. Compared with a conventional cutterhead and its
cutter layout, the position angles of some cutter holes should be slightly adjusted to avoid
interference. Two parameters, i.e., the offset angle a and curvature radius p may affect the mucking
performance and thus should be carefully designed.

\
\i\ \ \

Fig. 10 - lllustration of the position of the arched supporting ribs on the TBM cutterhead.

Influence of curvature radius on mucking performance

To study the influence of p on the arched supporting ribs, five simulations were conducted by
setting the p as 1.0, 1.25, 1.5, 1.75, and 2.0 m, respectively. The a, penetration rate, and RPM were
set as 60°, 7 mm/rev, and 13 rev/min, respectively. The other cutterhead structure and parameters
were the same as the model shown in Figure 5. The mucking performance of cutterheads with
different p is shown in Figure 11. Each figure was captured at 30 s when the mucking process was
stable. When the p was 1.0 m, some muck was thrown out of the hopper (excessively thrown) and
fell on the convex side of the arched supporting ribs. As the cutterhead rotated, the muck fell on the
concave side of the neighbouring supporting ribs and entered the next cycle. Thus, the Mc value
was much higher and the PR was lower (Figure 12b) than the other models (Figure 12a) respectively.
As the p improved, the falling position of the muck into the hopper moved right and the excessive
throwing issue was mitigated. Thus, the Mc was low and the PR was almost 100%. When the p was
2.0 m, a little muck could not fall into the hopper (insufficient thrown) during the first 15 s due to its
relatively low linear speed. However, as the mucking progressed, the muck could still fully flow into
the hopper during the following cutterhead revolutions. This is why the Mc value of the 2.0-m-p model
was relatively low but a little higher than the models with p of 1.25 m, 1.5 m, and 1.75 m. Meanwhile,
the PR of this model can achieve almost 100%. These results indicate that the mucking performance
of the arched supporting ribs is significantly affected by the curvature radius p. The smaller the p,
the excessive throwing issue will be more prone to occur. The larger the p, the insufficient-thrown
problem will be more prone to occur. For a certain a value, there exist proper p values with which
the mucking performs well at high cutterhead RPM.
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Completely mucking

Fig. 11 - Mucking performance of cutterhead with different curvature radius of the arched
supporting ribs at RPM of 13 rev/min, (a) 1 m; (b) 1.25 m; (c) 1.5 m; (d) 1.75 m; (e) 2 m.
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Fig. 12 - Indicators to evaluate the mucking performance of cutterhead with different curvature
radius of the arched supporting ribs at RPM of 13 rev/min, (a) Mc; (b) PR.

Influence of offset angle on mucking performance

To study the influence of a on the arched supporting ribs, six simulations were conducted by
setting the a as 35°, 40°, 45°, 50°, 55°, and 60°, respectively. The p, penetration rate, and RPM were
set as 1.75 m, 7 mm/rev, and 13 rev/min, respectively. The other cutterhead structure and
parameters were the same as the model shown in Figure 5. The mucking performance of
cutterheads with different a is shown in Figure 13. Each figure was captured at 30 s when the
mucking process was stable. When the a was 35°, a little muck was thrown out of the hopper, which
caused muck accumulation in the cutterhead chamber and thus a high Mc value. Even so, the
accumulated muck can be further transferred into the hopper during the following cutterhead
revolutions. Compared with the straight-supporting-rib model shown in Figure 8d, the Mc was much
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lower and the PR was much higher. This indicates that the arched-supporting-rib cutterhead
performed better in mucking at high RPMs. As the a improved, the falling position of the muck into
the hopper moved right and the excessive throwing issue was mitigated. Thus, the Mc was low and
the PR was almost 100%. When the a is 60°, the muck can fully fall into the hopper but the
insufficient-thrown problem will possibly appear for models with higher a values. These results
indicate that the mucking performance of the arched supporting ribs is significantly affected by the
offset angle a. The smaller the a, the excessive throwing issue will be more prone to occur. The
larger the a, the insufficient-thrown problem will be more prone to occur. For a certain p value, there
exists a proper a value with which the mucking performs well at high cutterhead RPM.

Fig. 13 - Mucking performance of cutterhead with different offset angles of the arched supporting
ribs at RPM of 13 rev/min, (a) 35°; (b) 40°; (c) 45°; (d) 50°; (e) 55°; (f) 60°.
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Fig. 14 - Indicators to evaluate the mucking performance of cutterhead with different offset angles
of the arched supporting ribs at RPM of 13 rev/min, (a) Mc; (b) PR.
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Mucking performance of arched-supporting-rib cutterhead at low RPMs

The simulations in the above two sections were conducted at a high RPM of 13 rev/min.
However, the insufficient-thrown problem of muck will possibly occur at low RPMs for the arched-
supporting-rib cutterhead. As a result, four simulations were conducted using the models shown in
Figure 13 (b)~(e) by setting the RPM as 4 rev/min. The penetration rate was the same with previous
models of 7 mm/rev. The mucking performance of cutterheads with different a is shown in Figure 15.
Each figure was captured at 30 s when the mucking process was stable. When the a was 40°, the
muck fully fell into the hopper, resulting in a low Mc value and almost 100% PR. When the a was
45°, an insufficient-thrown problem began to occur in the beginning, which caused slight muck
accumulation in the cutterhead chamber and thus a higher Mc value than the 40°-a model. Even so,
the accumulated muck can be further transferred into the hopper during the following cutterhead
revolutions. Thus, the PR is still almost 100%. For the models with a of 50° and 55°, the muck
insufficient-thrown problem was very obvious. The Mc kept increasing during the simulation,
indicating that the muck kept accumulating in the cutterhead chamfer since the muck transfer and
generation cannot enter a dynamic balance state. Thus, the PR was much reduced especially for
the 55°-a model the PR was 0, indicating no muck transferred outside. Based on the above analysis,
the p is suggested between 1.25 m and 1.75 m, and the a is suggested between 40° and 45°. Using
these designs, the studied 7.03-m-diameter cutterhead with arched supporting ribs can perform well
in muck transfer at an RPM range of 4~13 rev/min.

Completely mucking Muck insufficient thrown

Fig. 15 - Mucking performance of cutterhead with different offset angles of the arched supporting
ribs at RPM of 4 rev/min, (a) 40°; (b) 45°; (c) 50°; (d) 55°.
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Fig. 16 - Indicators to evaluate the mucking performance of cutterhead with different offset angles
of the arched supporting ribs at RPM of 4 rev/min, (a) Mc; (b) PR.
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CONCLUSIONS

In this study, the cutterhead’s muck transfer performance of the TBM applied in the EH project,
in China, was investigated using a DEM numerical model, and a new arched supporting rib was
proposed and designed. For the studied 7.03-m-diameter TBM, the conventional straight-supporting-
rib cutterhead performed well at different penetration rates and low RPMs, but the muck excessive
throwing issue was serious when the RPM was higher than 10 rev/min. As a comparison, the newly
proposed arched-supporting-rib cutterhead can perform well at a greater RPM range of 4~13 rev/min
if the supporting ribs are specifically designed. The curvature radius of the arched supporting ribs is
suggested between 1.25 m and 1.75 m, and the offset angle is suggested between 40° and 45°. The
increase of the curvature radius and offset angle can mitigate the muck excessive throwing issue
but aggregate the muck insufficient-thrown problem.
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ABSTRACT

Photogrammetric acquisition and subsequent data processing have become increasingly
common in recent years. However, this method of documentation is affected by many circumstances
that can negatively influence the results. This paper is devoted to the experimental determination of
the influence of the quality of input images on the processing of a photogrammetric model, because
the quality of input images is essential for the accuracy of the final product and can be influenced by
various factors. The effect of different image quality on the ability of software to align these images
and on the accuracy of this alignment and subsequent processing was tested practically in this case.
Three specific interior surfaces and three specific exterior surfaces were used for the experiment,
each of which was photographed in four series - one series was taken with high quality images, while
the remaining three were specifically degraded in quality. Three photogrammetric software, Agisoft
Metashape Professional, iTwin Capture Modeler and Pix4Dmapper, were selected for processing.
In all software, all acquired series were processed and the ability to perform image orientation and
the subsequent quality of this orientation was mainly monitored, where reprojection error was the
main criterion. In the case of successfully aligned series, a dense point cloud was produced, which
was also subjected to analysis. Based on these results, appropriate procedures for photogrammetric
processing were determined when conditions that may negatively affect image quality are known in
advance.

KEYWORDS
Photogrammetry, Image quality, Alignment, Dense point cloud

INTRODUCTION

Photogrammetry has nowadays established itself in many scientific fields, where it is
increasingly used, e.g., for documentation of historical monuments [1, 2], its use in combination with
various types of UAVs [3] for capturing the Earth's surface is very widespread, its use in landscape
monitoring for natural hazards is no less frequent [4, 5], but it can also be used in healthcare [6].

Nowadays, with the development of technology, the possibilities by which photogrammetric
data can be acquired are expanding and the range of tools that can improve the quality of the
resulting photogrammetric model and improve its accuracy is widening.

The different uses and processing conditions in the case of photogrammetry also differ in the
data acquisition strategy. The use of terrestrial photogrammetry is common [7, 8, 9], while nowadays
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photogrammetry using UAVs [10, 11, 12] or a combination of both methods is gaining prominence.
Another option is to combine photogrammetry with LIiDAR (Light Detection And Ranging) technology
[13, 14] or to combine the resulting product with laser scanning output [15] or satellite imagery [16].
It is now common practice to use UAVs with a built-in GNSS receiver [17], which helps to
georeference the resulting model more efficiently, while different methods of receiver position
processing can be used [5, 18]. Although georeferencing using GCPs (ground control points) is still
common today [10, 19], paths to direct georeferencing without the use of GCPs are being developed
[20, 21].

However, the wide range of applications of this technology also entails different conditions
under which photogrammetric documentation takes place. These conditions can affect the quality of
the images, which are then used as an input into the processing. A photogrammetric model can only
be produced from images that capture the same scene. The quality of the images is therefore crucial
for successful processing, as reduced image quality (e. g. because of blurring) means degraded
conditions for the alignment of the images due to their ambiguity.

Each of the photogrammetric software has a different computational kernel, so the same
series of images will be produced differently in different software.

The quality of the images can be calculated in different ways [22], some photogrammetric
software already has this function directly integrated [23], and this technology will be used later in
this paper.

This paper aims to experimentally analyse the sensitivity to reduced quality of input images
and the ability to process these images for three selected software. A total of 24 image series
capturing six different surfaces are used for this purpose - each surface is imaged in four series with
different image quality. The quality of the images is assessed using a coefficient that is generated in
Agisoft Metashape Professional software.

The aspects monitored are in particular the ability of each software to process the reduced
quality images and the quality of this processing. From these results, conclusions are then drawn
regarding the suitability of the use of each software for processing degraded images and, in
particular, recommendations for imaging under previously known degraded imaging conditions that
may have a negative impact on image quality.

MATHERIALS AND METHODS

This chapter will describe the instruments and software used for the experiment and specify
the testing methodology and results.
Equipment and software

The processing was carried out using three different software as shown in Table 1.

Tab. 1 - Used software

Software Version

Agisoft Metashape Professional |2.0.1
iTwin Capture Modeler 24.0.0
Pix4Dmapper 4.7.5

Imaging was performed with a Canon EOS 450D camera with Canon EF 40 mm /2.8 STM
lens, whose parameters are listed in Table 2.

Tab. 2 - Parameters of used camera

Parameter Value
Focal length 40 mm
Sensor type CMOS
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Sensor size 22,3 x 14,9 mm
Image resolution 4272 x 2848 pix
Pixel size 5,21 x 5,21 ym
Workflow

The quality of the dense cloud is influenced by the number of tie points, i.e., the points used
for the alignment of the individual images. In order to correctly assign positions to images relative to
others, these points need to be correctly identified in the image, and this depends on the quality of
the images. Using blurry images for processing negatively affects the ability of feature detection,
thus negatively affects the count of tie points.

The image quality factor can be calculated in Agisoft Metashape Professional and is an
indicator of the sharpness of the images [23], which is calculated as the ratio between the pixels of
the original image and the image to which a Gaussian filter has been applied [24]. Factor acquires
values from 0 to 1, higher factor implicates higher quality (sharpness) of the particular image.
According to [23], it is recommended not to use images that have a quality factor lower than 0.5 for
the calculation.

For the purpose of this paper, three different indoor surfaces, namely two types of wood (a
slightly varnished cabinet and a table) and a carpet (Figures. 1-3), and three different outdoor
surfaces, gravel, concrete and grass (Figures. 4-6), were selected and imaged with different quality,
each in a total of four series.

Fig. 1 — Cabinet surface Fig. 2 — Table surface Fig. 3 — Carpet surface

Fig. 4 — Gravel surface Fig. 5 — Concrete surface Fig. 6 — Grass surface

The indoor shooting was done with as much light as possible entering the room, while the
outdoor shooting was done in cloudy weather.

The aim of this experiment was to test the alignment for aerial topographic mapping, that is
why the images were taken from a single distance of approximately 1.2 m from the surface, only
nearly orthogonal to the surface, and although handheld, the imaging procedure simulated the flight
of a drone during nadir imaging.

Six images were taken in the longitudinal direction (four in the case of the 'Table' series) and
four images were taken in the lateral direction. To illustrate the imaging method, the camera positions
for the Gravel 4 series are shown in Figure 7, including the number of overlapping images in each
part of the cloud, Figure 8 shows diagram of images axes; the same configuration of camera
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positions was followed for the other series. Thus, each image was taken with sufficient overlaps in
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Fig. 7 — Camera positions for the Gravel 4 series (red markers) and image overlap

Fig. 8 - Axes positions for the Gravel 4 series

First, the surfaces were photographed with the camera automatically set and in the highest
possible quality, i.e., all images in the series had a quality factor greater than 0.5.
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Then, two series were taken where the quality was artificially reduced. The camera was set
to priority of time - in the case of one series the shutter was set to 1/25 s, in the case of the other to
1/8 s, ISO was set to 200 and aperture value was changing automatically in range of value /2,8 - /9
in case of interior series and /2,8 - f/7 in case of exterior series. With these settings, the camera was
moving when taking the picture. Finally, a series was taken where the quality was degraded only by

Series Image count Low_est High_est Average quality [ Way . of image
quality factor | quality factor |factor degradation

Cabinet 1 24 0.55 0.83 0.75

Cabinet 2 24 0.00 0.95 0.31 Exposure + movement

Cabinet 3 24 0.00 0.24 0.10 Exposure + movement

Cabinet 4 24 0.00 0.00 0.00 Blurring

Table 1 16 0.57 0.74 0.64

Table 2 16 0.48 0.58 0.55 Exposure + movement

Table 3 16 0.00 1.00 0.43 Exposure + movement

Table 4 16 0.00 0.00 0.00 Blurring

Carpet 1 24 0.52 0.83 0.73

Carpet 2 24 0.64 0.73 0.70 Exposure + movement

Carpet 3 24 0.54 0.73 0.63 Exposure + movement

Carpet 4 24 0.00 1.00 0.22 Blurring

manual blurring. The degradation of the images was always almost identical.

All images were taken with autofocus on and lightning off.
The count of images of each series together with the extreme values of their quality factors
are shown in Table 3 and Table 4, and Figures 9-14 show images with different quality of the selected

surfaces.
Tab. 3 - Count of images and their quality factors for interior series
Tab. 4 - Count of images and their quality factors for exterior series
. Lowest Highest Average quality | Way of image
Series Image count quality factor | quality factor | factor degradation
Concrete 1 24 0.57 0.81 0.78
Concrete 2 24 0.48 0.64 0.58 Exposure + movement
Concrete 3 24 0.37 0.70 0.60 Exposure + movement
Concrete 4 |24 0.00 0.42 0.13 Blurring
Gravel 1 24 0.53 0.72 0.63
Gravel 2 24 0.49 0.66 0.58 Exposure + movement
Gravel 3 24 0.44 0.70 0.50 Exposure + movement
Gravel 4 24 0.31 0.35 0.33 Blurring
Grass 1 24 0.67 0.82 0.76
Grass 2 24 0.54 0.67 0.60 Exposure + movement
Grass 3 24 0.52 0.68 0.59 Exposure + movement
Grass 4 24 0.21 0.40 0.27 Blurring
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Fig. 9 — Concrete - factor 0.23  Fig. 10 — Concrete - factor 0.58  Fig. 11 — Concrete - factor 0.80

Fig. 12 — Table - factor 0.00 Fig. 13 — Table - factor 0.53 Fig. 14 — Table - factor 0.73

All series were oriented in Agisoft Metashape Professional, iTwin Capture Modeler and
Pix4Dmapper and in case of successfully oriented series (i.e., series where at least 2/3 of the images
were oriented) a dense cloud was generated.

The alignment in Agisoft Metashape Professional was set to the Highest accuracy and there
was no limit to the number of tie points per image to be generated. In the case of orientation in iTwin
Capture Modeler, the number of tie points was set to High and in the case of orientation in
Pix4Dmapper, the number of tie points was set to Automatic. There was no tie points filtering done
after the alignment. Though Agisoft Metashape Professional offers function that filters tie points with
low accuracy, which can increase the accuracy of following model / dense cloud, but the other two
software do not include this function, so it was done in no software to achieve more comparable
results.

Furthermore, if a dense point cloud was generated, it was generated with a quality of Ultra
high in Agisoft Metashape Professional, sampling was set to 1 in iTwin Context Capture Modeler
and in Pix4Dmapper the dense cloud was calculated from the original image resolution and with the
point density set to High.

The subsequent comparison of the results examined the ability of the software to process
each series and the quality of these processes, both visually and in terms of accuracy, where the
main criterion was the quadratic mean of the reprojection error, i.e., the distance between the actual
and the adjusted point position.
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RESULTS

Tables 5 and 6 show the parameters of interior orientation for chosen series in all software,
including optimized values for focal length in millimetres and distortion coefficients.

Figures 15 and 16 show distribution of tie points in two different series in all software. Figure
15 shows Grass 4 series (taken with manual blurring), where distribution of tie points through all
software looks very similar, which happens in almost all series. On the other hand, Figure 16 shows
one of two exceptions, where the distribution looks very different in different software and does not
depict the shape of surface in Pix4Dmapper. These exceptions occur in case of Cabinet 1 (shown)
and Grass 1, e. g. series taken with hight quality.

Tables 7 and 8 show the number of aligned images and the number of tie points from each
series. In the case of successfully oriented series, the number of dense cloud points is also given.

Tab. 5 - Parameters of interior orientation for Cabinet series

Software
Series Parameter Agisoft Metashape |[iTwin  Capture
Professional Modeler Pix4Dmapper
Focal length [mm] 34,604 39,468 61,955
Radial distortion #11-0.079 0,095 0,381
[ istorti
Cabinet 1 | coefficients K2 0,172 0,277 3,173
K3 |-0,035 -0,243 8,111
Tangential distortion P110,000 -0,002 -0,010
coefficients P2 (0,003 0,002 0,001
Focal length [mm] 29,141 23,022 43,853
Radial distortion #11-0,009 0,003 0,068
[ istorti
Cabinet 2 | coefficients K2 |-0,155 -0,076 -1,433
K3 0,822 0,339 7,295
Tangential distortion P1(-0,009 0,020 -0,010
coefficients P2 | -0,005 0,027 0,013
Focal length [mm] 29,471 — —
Radial distorti "1 1-0.014
adia istortion
Cabinet 3 | coefficients K2 10,037
K3 |-0,265
Tangential distortion P110,020 — -
coefficients P2 |-0,002
Focal length [mm] 65,679 25,036 42,048
Radial distorti K1 0,027 -0,042 0,013
adia istortion
Cabinet4 | coefficients K21-0,308 0,125 -1,122
K311,359 -0,405 9,753
Tangential distortion P1(-0,031 -0,010 -0,002
coefficients P2(0,033 0,011 0,006
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Tab. 6 - Parameters of interior orientation for Concrete series
Software
Series Parameter Agisoft Metashape | iTwin Capture
Professional Modeler Pix4Dmapper
Focal length [mm] 40,652 40,339 39,010
Radial distortion #11-0.075 -0.077 0,075
| | |
Concrete 1 | coefficients K2 10,111 0,130 0,098
K3 10,196 0,076 0,158
Tangential  distortion P10,000 0,001 -0,004
coefficients P2 (0,001 0,000 0,001
Focal length [mm] 68,240 58,543 40,912
Radial distortion A1 0179 0.052 0.073
Concrete 2 | coefficients K2 11,815 -0,620 0,808
K3 |[-13,288 1,642 -5,636
Tangential  distortion P1]0,009 -0,024 0,004
coefficients P2 |0,057 0,051 -0,004
Focal length [mm] 39,631 28,212 38,753
Radial distortion K1 1-0,027 -0,007 0,015
| | |
Concrete 3 | coefficients K2 10,041 -0,279 -0,361
K3 10,019 1,028 2,824
Tangential  distortion P1 {-0,001 0,004 0,000
coefficients P2 | 0,005 -0,020 0,001
Focal length [mm] 41,446 31,069
Radial distorti K1 1-0,074 -0,049
adia istortion
Concrete 4 | coefficients K2 |-0,292 -0,035 -
K3 [ 4,082 0,359 ---
Tangential  distortion P10,001 0,001 -
coefficients P2 10,005 0,003 -
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Fig. 15 - Tie points distribution for Grass 4 - top view - software (from the left) Agisoft

Metashape Professional, iTwin Capture Modeler a Pix4DMapper

Fig. 16 - Tie points distribution for Cabinet 1 - top view - software (from the left) Agisoft

Metashape Professional, iTwin Capture Modeler a Pix4DMapper

Tab. 7 - Counts of aligned images and points of sparse and dense clouds for interior series

Agisoft Metashape | iTwin Capture Modeler Pix4Dmapper
Professional
Dense Dense Dense
Tie cloud Tie cloud Tie cloud
Seri Way of [ Images | points | points Images |points [ points Images | points points
eries . . . .
degradation [aligned | count count aligned count count aligned count count
Cabinet 1 24/24 | 296 343 |37 916 525 | 24/24 10 788 |33 192 366 | 24/24 281177 |5562 177
Cabinet 2 [time, moving | o454 | 18342 |10602 892 |8/24 152 10/24 7 796 80 650
Cabinet3 |time, moving| g4 | 540 0/24 0/24
Cabinet 4 | blurring 24/24 |8157 |5721 24/24 142 1617 774 |24/24  |3424 |-
Table 1 16/16 | 135620 |21 903 710 | 16/16 5255 |22055999|16/16 138 511 |36 427
Table2  |time, moving |51 {701 0/16 0/16
Table3  |time,moving | 546 |13 0/16 0/16
Table 4 | blurring 16/16 |2686 |1303 16/16 165 3507995 |0/16 -
Carpet 1 24/24 |588601 |31583 814 |24/24 17 792 |25 749 335 24/24 304 902 |12 666
Carpet2 |tme,moving|5ns |15 0/24 0/24
Carpet3 |time, moving | 5304 |59133 | 16461716 |20/24 1415 |7933943 |18/24 60421 |5109
Carpet4 | blurring 24/24 |6838 |[58859 24/24 592 22 235142 | 18/24 2816
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Tab. 8 - Counts of aligned images and points of sparse and dense clouds for exterior series

Agisoft Metashape | iTwin Capture Modeler Pix4Dmapper
Professional
Dense
Tie cloud Tie Tie
Way of | Images |points | points Images |points [Dense cloud |Images |points Dense cloud
Series degradation |aligned [count |count aligned | count | points count |aligned |count points count
Concrete 1 24/24 | 835420 |23 800 971 | 24/24 15271 |20282 290 |24/24 164 805 | ---
Concrete 2 |time, moving | 1504 6321 |--- 8/24 625 9/24 4752
Concrete 3 [time, moving | o404 64 934 |17 385 536 | 20/24 1600 [22493185 |20/24 24690 |2753
Concrete 4 | blurring 24/24 |10985 |888389 |24/24 844 21577 319 |0/24
Gravel 1 24/24 | 587 177 | 43 860 040 | 24/24 20 194 |33 490022 |24/24 289 441 |14 041 698
Gravel 2 |time, moving | 1424 |11 505 |--- 8/24 104 0/24
Gravel 3 |time, MOVING | 5024 | 75646 |24 568 448 | 20/24 1530 |-- 19/24 108 026 |12 770
Gravel 4 | blurring 24/24 |67 044 |8691 866 |24/24 6946 |21135779 |24/24 61524 |---
Grass 1 24/24 | 675243 (23822 714 | 24/24 11406 |45103792 |24/24 200 509 |950
Grass 2 time, moving | 5104 6861 |2014 327 |20/24 380 0/24
Grass 3 time, moving | 1424 21574 |- 15/24 540 11/24 26006 |[2359
Grass 4 blurring 24/24 | 35961 |44 873542 |24/24 2725 |22150156 |24/24 36590 |---

From Tables 7 and 8, it can be seen that with the exception of the Grass 3 series, Agisoft
Metashape Professional was able to orient more images than the other two software. Regarding the
number of tie points, in four cases Pix4Dmapper software generated the highest number of points,
but in the remaining cases Agisoft Metashape Professional again generated the highest number. In
the case where a dense cloud was produced by both Agisoft Metashape Professional and iTwin
Capture Modeler, Agisoft Metashape Professional generated the higher number of dense cloud
points in six cases, iTwin Capture Modeler in eight cases. Pix4Dmapper generated very sparse
clouds in all cases or did not generate them at all despite successful orientation. This also occurred
in three cases in iTwin Capture Modeler.

The reprojection errors for each series are shown in Tables 9 and 10 below. At first glance,
it can be seen that the error values generated by Pix4Dmapper are significantly lower than those of
the remaining software. The series that were photographed with high accuracy (marked as 1) show
very similar error values for the other two software, while the other series, with one exception, show
smaller errors for iTwin Capture Modeler, in some cases very significantly.
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Tab. 9 - RMS of reprojection errors for interior series

RMS of reprojection error [pix]

Agisoft

Metashape iTwin Capture
Series Professional | Modeler Pix4Dmapper
Cabinet 1 0.83 0.70 0.33
Cabinet 2 2.28 1.11 0.28
Cabinet 3 1.84
Cabinet 4 4.51 1.42 0.23
Table 1 0.85 0.66 0.20
Table 2 2.31
Table 3 1.24
Table 4 3.58 1.59
Carpet 1 0.53 0.51 0.16
Carpet 2 1.35 -—- -—-
Carpet 3 1.37 1.10 0.20
Carpet 4 3.04 1.48 0.20

Tab. 10 - RMS of reprojection errors for exterior series

RMS of reprojection error [pix]

Agisoft

Metashape iTwin Capture
Series Professional |[Modeler Pix4Dmapper
Concrete 1 0.32 0.31
Concrete 2 1.86 1.40 0.18
Concrete 3 1.54 1.26 0.18
Concrete 4 212 0.97
Gravel 0.37 0.36 0.11
Gravel 2 1.52 1.25 --
Gravel 3 1.27 0.95 0.23
Gravel 4 1.44 0.93 0.23
Grass 1 0.50 0.55 0.30
Grass 2 214 2.31 -
Grass 3 1.92 1.40 0.27
Grass 4 2.04 1.28 0.29
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In Figure 17 and Figure 18, dense clouds from the corresponding series are shown. They
show that in the case of the lower quality series, the iTwin Capture Modeler produces the visually
best clouds.

05m

Fig. 17 — Dense cloud for Concrete 3 - software (from the left) Agisoft Metashape
Professional, iTwin Capture Modeler a Pix4DMapper

Fig. 18 — Dense cloud for Gravel 1 - software (from the left) Agisoft Metashape
Professional, iTwin Capture Modeler a Pix4DMapper

Some images, especially in case of the carpet, that stand out in the quality calculation are
those that, although taken at reduced quality (Figure 19), were assessed as being of high quality.
However, the orientation and calculation of the dense cloud are already consistent with the reduced
quality. This is likely due to the nature of the surface, where the image after the application of the
Gaussian filter is already very similar to the original image, so Agisoft Metashape is no longer able
to distinguish that the original image is out of focus. However, the surface itself is already too difficult
to process, and it is then of poor quality. Inverse case, image with quality calculated lower than 0.5
but in fact with high quality, did not appear in this experiment, but it does not mean, that it cannot
happen. This implies that if it is requested to have absolute control over the image quality, it is
necessary to do the manual check of all images.
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Fig. 19 — Image of carpet with quality factor 0.94

From the reduced quality series all software produced a dense cloud that did not show the
entire surface. If the poor conditions are known in advance, it is advisable to increase the number of
images and extend the area imaged to ensure the entire area of interest is imaged more than
necessary. According to the protocols, the reduced quality images in Agisoft Metashape Professional
were usually processed in areas where there was an overlap of at least four images, in the case of
iTwin Capture Modeler and Pix4Dmapper software at least three images, but in some cases five
images were required for Agisoft Metashape Professional and iTwin Capture Modeler software.
Examples of some of the required overlays are shown in Figures 20-22. For the high-quality series,
locations with a required overlap of two images were processed in all software.

Despite requiring fewer overlapping images than Agisoft Metashape Professional and
exhibiting by far the smallest reprojection errors, Pix4Dmapper was able to orient the fewest series
and the resulting dense clouds were in most cases very sparse and thus unusable for further
processing. Therefore, under poor conditions and this chosen imaging method, it is not advisable to
use Pix4Dmapper for processing.

m>9

Fig. 20 — Images overlap on the produced parts of the dense cloud from the Gravel 3 series
in Agisoft Metashape Professional
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Fig. 21 — Images overlap on the produced parts of the dense cloud from the Gravel 3 series
in iTwin Capture Modeler

Number of overlapping images: 1 2 3 4 b5+

Fig. 22 — Images overlap on the produced parts of the dense cloud from the Gravel 3 series
in Pix4Dmapper

CONCLUSION

As base of the testing, six different surfaces were captured with different image quality (4
series with different quality degradation), these series of images were then processed in Agisoft
Metashape Professional, iTwin Capture Modeler and Pix4Dmapper. In terms of exterior orientation
and number of tie points, Agisoft Metashape Professional performs the best, being able to orient
even lower quality images and generate significantly higher numbers of tie points than iTwin Capture
Modeler, however, it requires more image overlap than the other two software. iTwin Capture
Modeler, on the other hand, produces the highest visual quality dense clouds of all the software
tested. Pix4Dmapper has the lowest reprojection errors but oriented the fewest series and most of
the dense clouds produced by it were unusable for further processing.

The analysis suggests that if the poor imaging conditions are known in advance, more images
should be taken, so that the area of interest is always present in at least three or four images
overlapping, depending on the software in which the further processing takes place, instead of the
required two. Basically, using two images to create a model allows no control and the quality of
alignment then depends on the image quality. When the quality is low, there is no control possible
and in extreme cases it makes the alignment impossible. Required count of low-quality images to
process the alignment then depends on the algorithms and abilities of particular software.

Thus, if the accuracy requirements do not need to be met, the reduced quality of the input
images need not be an obstacle if the more stringent imaging conditions are met. Otherwise,
although the software is able to orient the images in some cases, the reprojection error already
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shows higher values. Therefore, it is advisable to follow the recommended quality factor limit of at
least 0.5 and in case of a peculiar surface, the user should check the quality of the images
themselves, as even a high-quality factor may not guarantee a good image.
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ABSTRACT

This study investigates the critical technologies for large-span pile foundation replacement
construction under super-large diameter shield tunneling conditions, using the Guangzhou Haizhu
Wan Shield Tunnel Project as a case study. A novel "active buttressing-pile truncation" integrated
methodology was developed, featuring a 20.8m-span composite buttress system comprising pile
groups, pre-stressed double-beam structures, and bearing platforms. The research emphasizes the
active buttressing phase, which critically influences superstructure deformation. Maximum
settlement of existing buildings reached -6.1mm (negative denotes downward movement) with no
differential settlement detected. Structural Performance: Joist stress-strain responses and building
inclinations remained within 65% of warning thresholds. The proposed system demonstrated
superior settlement control efficacy, reducing superstructure displacements by 42% compared with
conventional methods. The findings confirm that this large-span pre-stressed double-beam buttress
pile foundation system provides an effective technical solution for urban underground construction
involving complex foundation replacement, offering both theoretical and practical references for
similar projects.

KEYWORDS

Super-large diameter shield tunnel, Pile foundation underpinning, Construction monitoring,
Monitoring and analysis

INTRODUCTION

With the rapid development of China's economy and the improvement of residents' living
standards, many large and medium-sized cities have experienced a proliferation of vehicles and
insufficient road transportation capacity, which in turn leads to the increasingly obvious problem of
traffic congestion, and thus the structure of the underground space and transportation system plays
an increasingly important role [1-3]. In urban planning and development, it is necessary to avoid the
existing underground structures, but for the development of earlier urban underground space is more
complex, will inevitably conflict with the existing underground buildings [4-6]. If such conflicts are
resolved by demolishing and reconstructing existing buildings, it increases the cost and duration of
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the project. Therefore, when planning underground space, it is necessary to comprehensively
consider the economic and technical feasibility, and the most cost-effective way to solve this problem
is generally the pile foundation underpinning technology [7].

Underground space development and utilization has been further developed by the emergence
of pile foundation underpinning technology, and the birth of this technology has brought new scientific
research directions in the design of the scheme of the required structure, on-site construction, safety
monitoring, etc. [8-9]. With the increasing maturity of pile foundation underpinning technology, more
and more countries are using pile foundation underpinning in their underground projects. For pile
foundation underpinning, it is actually to make the load of the superstructure redistributed on the new
structure after the existing pile foundation is cut off during the construction process, for a reinforced
concrete structure, it is necessary to try to ensure that the settlement and deformation of the original
structure and the replacement structure during the construction of the pile foundation underpinning
comply with the specification requirements [10-12]. Frequently, there will be settlement differences
between the old and new structures, and settlement differences that exceed a certain value will
adversely affect the normal use and safety of the structure [13]. Moreover, load bearing condition
and load transfer pattern of the old and new structures in the process of buttress replacement are
also important factors to judge whether the buttress replacement is successful or not. Therefore,
numerical simulation analysis and real-time monitoring of the old and new structures in pile
foundation underpinning are necessary [14-15]. Pile foundation underpinning has been a great help
for many complex projects, however, in the past pile foundation underpinning projects, there are
more pile and beam underpinning programs of “two to one”, and there are fewer projects that use
large-span pre-stressed underpinning beams to underpin group pile foundations under super-large
diameter shield tunneling conditions, and most of the scholars have only studied the load transfer,
foundation settlement, building deformation, etc. before and after the overall underpinning project
[16-18]. For this kind of project, most scholars only studied the load transfer, foundation settlement
and building deformation before and after the whole replacement. For the case of single-span pile
foundation underpinning with multiple existing pile foundations, the different excision order of existing
pile foundation means that the system conversion of pile foundation underpinning is carried out in a
different way, and the impacts on the replacement structure as well as the pre-stressing tendons of
the pile foundation underpinning are also different, so it is very necessary to study and propose a
reasonable sequence of pile excision for this kind of project [19-20].

This paper takes Guangzhou Haizhu Wan shield tunneling project as the engineering
background, systematically summarizes the key technology of super-large diameter shield large-
span pile foundation underpinning construction, establishes the numerical simulation of the
underpinning construction process, analyzes and carries out the research on different parameters
such as jacking force, prestressing steel beam configuration and the sequence of the removal of the
old piles, etc., and puts forward the reasonable pre-stressing steel beam underpinning construction
according to the influence on the deformation of the super-structure and the stress and deformation
of underpinning girder. According to its influence on the deformation of the superstructure, stress
and deformation of the joist, a reasonable pre-stressing beam configuration and pile removal
sequence at the bottom of the beam are proposed.

PROJECT OVERVIEW

Haizhu Wan Tunnel Project is the northern section of Guangzhou South Railway Station Fast
Track, connecting the existing Dongxiaonan Elevated Road in the north and Nanpu Avenue in the
south. Total length of the project line is 4348 m. Design speed of the main line is 60 km/h. It is mainly
constructed by shield tunneling method, open cut method and bridge method. From north to south,
the project crosses Nanzhou Road, Metro Line 2 and South Ring Elevated in turn through bridges,
and then goes into the ground in the form of tunnels to cross the Pearl River Lijiao Waterway, Luoxi
Island, Sanzhixiang Waterway and Nampo Boulevard. Tunneling length is 3463 m, of which the
length of the Nam Chau cut section is 541 m, the length of the Nam Po cut section is 845 m. Shield
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tunneling length is 2093 m in the west line and 2102 m in the east line, and the project schematic

diagram is shown in Figure. 1.
P T

Nuclear Corporation B
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Fig. 1 - Engineering diagram of Haizhu Wan Tunnel shield section

Design of the shield tunneling section is a 6 lane east-west two-lane tunnel with a single shield
tunnel outside diameter is 14.5 m. It is constructed with two mud-water balanced shield machines,
with a minimum flat surface radius of 1000 m and a maximum gradient of 4%. Among them, the west
line is a Herrenknecht mud-water balanced shield tunneling machine, with a cutter diameter of 15.07
m, a cutter with a pressure change function, a panel type structure, and an opening rate of 30%.
East line is a mud-water balanced shield tunneling machine of Iron Construction Heavy Industry, the
diameter of the cutter plate is 15.07 m, the structure is star spoke type, and the opening rate is 35%.
Figure 2 shows the east-west line shield tunneling cutter plate diagram.

Chins Railway 14 Bureau Haizhu Wan Tunne! Project ““Avenue
Pionser™ shield tunneling machine cutter smoothly down the shaff. '
(A o - -

- ™

-

(a) West line "Avenue Pioneer” (b) East line " Route Pioneer "

Fig. 2 - Engineering diagram of Haizhu WanTunnel shield section

KEY AND DIFFICULT POINTS of THE PROJECT: SUPER-LARGE DIAMETER SHIELD
TUNNELING THROUGH A PILE FOUNDATION

The shield tunneling penetrated the CNNC Business Building after 200 m, as shown in Figure
3. Underground of the building is a poured pile foundation, which is divided into two phases. Above
ground is a 6-story reinforced concrete frame structure. Adjacent frame columns of the house have
a span of 7.9 m and an average floor height of 3.9 m. The use of the house is for office purposes. A
total of 88 piles (49 in the east line and 39 in the west line) were affected within the excavation.
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Fig. 3 - General plan of pile foundation of shield crossing building

A total of 67 grinding piles (30 in the east line and 37 in the west line), which intruded into the
tunnel for about 3 m to 9 m, were located within the excavation area. CNNC Phase | is A480 mm
cast-in piles with a pile length of 23 m and 6 C16 steel cages in the upper 8 m. CNNC Phase Il is
A600 mm to A1500 mm cast-in piles with a pile length of 24 m. The steel cages are arranged in a
longitudinal arrangement, with the main bars of C16,18 and 20. Below the free-standing foundations
of Building 33 are A 300 tubular piles with a length of 23 m and a main reinforcement of C14. See
Table 1 for details.

Tab. 1 - Commercial building pile foundation statistics table

. . Length Depth of Number | Numbe | Numbe
, . Pile Main of
Serial | Diamete . tunnel of r of r of Concret
length | reinforcement | steel | . . Root
number | r(mm) intrusion ground | Eastern | western | e grade
(m) (mm) cage . . ;
(m) piles Lines lines
(m)
1 A480 23 16 8 3-4 80 37 10 27 C25
2 A600 27 18 27 8-9 11 5 5 0 C35
3 A800 27 20 27 8-9 4 4 2 2 C35
4 A1000 27 20 27 8-9 12 6 3 3 C35
5 A1200 27 20 27 8-9 2 0 0 0 C35
6 A1500 27 20 27 8-9 10 7 2 5 C35
7 A300 23 14 23 3-4 20 8 5 0 C25

DESIGN of PILE FOUNDATION UNDERPINNING

Underpinning structure consists of two parts, underpinning pile and underpinning beam,
underpinning beam includes underpinning main beam and underpinning secondary beam. Micro
steel pipe slurry pile is used for underpinning, the diameter of the hole is 250 mm, the steel pipe is
made of Q235B steel with diameter of 220 mm, and the pile diameter is filled with pure cement slurry
with strength class M30.Main girder span of underpinning are more than 18 m, is about 20.8 m,
underpinning main girder cross-section width x height: 0.6 m ~ 0.8 m x 2.2 m, underpinning
secondary girder cross-section width x height: 0.6 m x 2.2 m, underpinning girder and underpinning
bearing platform adopt C40 grade concrete, reinforcement adopts HRB400 grade reinforcement and
HRB300 grade reinforcing steel. Overall underpinning structure plan is shown in Figure 4 (expansion
on the existing bearing platform to get a new bearing platform is called extension bearing platform).
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Fig. 4 - Building replacement structure plan

Between the underpinning structure and the underpinned structure is mainly designed for shear
resistance: with the help of occlusion between the underpinning beam and the old bearing platform,
interface treatment and reinforcement planting, the surface of the original bearing platform is
chiselled to within the height of the underpinning beam, the diameter of the drilled holes is 14~42
mm, and the holes are cleaned up of dust and dirt using high compressed air or high-pressure water
gun, and the processed rebar is inserted after putting in reinforcement adhesive, and then the
reinforcing adhesive is cured. Pour the concrete of the solid section.

PILE FOUNDATION UNDERPINNING CONSTRUCTION

Underpinning Construction Points

This project is a super-large diameter shield tunneling conditions, the use of large-span
prestressed double girder buttress buttressing method buttressing the pile foundation of the building
group, different from the usual “two drag a” pile and girder structure buttressing, this project single-
span buttress buttressing at least buttressing two existing pile foundation, buttressing a maximum of
16 existing pile foundation, the buttressing process of structural stability put forward higher
requirements for the whole buttressing process. The maximum number of existing piles to be
replaced is 16. Foundation underpinning construction process is shown in Figure 5.
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(a) Surrounding soil reinforcement, (b) Construction of beam replacement and
construction of conversion pile and isolation new cap, tensile prestress
pile
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Fig. 5 - Foundation replacement construction process

Implementation of Underpinning Project

In this project, the active underpinning method is adopted, which needs to set up temporary
reaction frame under the first floor columns before connecting the underpinning beams with the old
bearing platforms, and use the underpinning beams to go back to the top of the upper part of the
main body, so as to make the deformation of the underpinning beams stabilized, and then carry out
the construction of the connection between the underpinning beams and the old bearing platforms,
in which the most important construction process is to go back to the top of the upper part of the
body by means of the following methods:

(1) In this building underpinning reconstruction construction, the jacking synchronization can
control the insufficient bending deformation hazard of the superstructure in the building underpinning
reconstruction construction. After the reinforced concrete pre-roof crossbeam reaches the design
strength, four jacks with load-bearing capacity not less than 150 T are arranged between the corners
of the pre-roof crossbeam and the joist beams, and temporary steel supports are to be installed on
both sides of the jacks, as shown in Figure 6.

(2) Sequence of back jacking: All topping operations were carried out after the prestressing
was tensioned and the design strength was reached. Topping back is done according to the location
of prestressing beams from south to north, in batches of 6 sub-synchronized topping back. As shown
in Figure 7.

(3) Back jacking process: construction preparation — pre-placement of jack position —
installation of temporary steel support — installation of monitoring equipment — test jacking —
formal jacking — completion of the first jacking — graded loading jacking to the design pressure
(simultaneous monitoring).

(4) Points to back jacking: (1) Before jacking, calculate the weight of each jacking point;
calculate the amount of arching oil at each point; test the top before jacking. Pay attention to the top
of the test top and the speed of each top, not enough to raise more oil can be divided. Rise too fast
to tighten the oil valve. Trial top, before synchronized jacking. (2) Synchronized pressurized jacking,
jacking back to the bracket, underpinning back to the top of the load using the principle of graded
loading, a total of ten levels of loading, each level of load increase of 10% of the upper limit value of
the jack, cannot be loaded to the maximum value at a time. Each level of loading needs to be
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maintained for 10 min, such as structural stability before adding secondary loads. (3) Closely monitor
the generation and development of cracks in the underpinning in the process of roof return, and stop
loading immediately when the maximum crack width is more than 0.1 mm. (4) Underpinning back
jacking force requirements, that is, the maximum back jacking force at each original structural column
cannot exceed the column underpinning force, the column underpinning force measurements
provided by the design institute are shown in Figure 8.(5) Observe that the change in settlement of
the pile foundation and the deformation of the superstructure remain unchanged before proceeding
with the second pouring of the conversion beam to connect the original structure at the bearing
platform.

Fig. 6 - Top return diagram Fig. 7 - Topping sequence
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Fig. 8 - Building column base force (unit: kN)

Demolition of Existing Pile Foundations

Original pile removal adopts static cutting method to break the pile, and the removal should be
done symmetrically on both sides of the tunnel at the same time. During the demolition process, the
original structural columns, underpinning beams, and bearing platform settlement and crack
monitoring must be strictly monitored. Once the structure produces cracks or there are any signs of
instability, immediately stop construction and organize the evacuation of site personnel. After
feedback to the design unit to analyze the causes and forces, new measures will be formulated
before entering the construction site.

(1) Demolition process
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(1)On-site review of construction plan data: Measurement and determination of cutting position,
calculation of deformation settlement; @ Control settlement observation points: Calculate and
discipline the arrangement of settlement observation points; (3) Calculate cutting data; calculate data
such as cutting position and cutting depth; (4) Installation of cutting machinery: Installation of cutting
machinery in accordance with drawings or programs; (5) Cutting and real-time monitoring of
deformation data: Start the cutting operation, gradually release the structural load of the column, and
monitor the deformation data in real time; @ Lifting and removing concrete test blocks; @
Structural settlement observation: an important monitoring measure to ensure structural safety.

(2) Existing pile removal sequence

In the original pile excision, although through the jacking back jacking the upper part of the
prestressing beam and new pile foundation pre-stressing, so that the original bearing column force
system converted to the new underpinning system, theoretically from any position to start excision
of the original pile will not have an impact on the existing building itself, but the reality is often do not
jacking up the existing pile foundation after the “zero internal force” in order to further ensure the
safety of the original pile excision, this project in accordance with the principle of “first dense area
then non-dense area, first the middle and then both sides, jump pile excision”. In order to further
ensure the safety of original pile removal, this project is carried out in accordance with the principle
of “first dense area then non-dense area, first the middle and then both sides, jump pile removal’.
The sequence diagram is shown in Figure 9.
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Fig. 9 - OId pile removal sequence diagram

(3) Construction without support and replacement

1. Excavate 1.5 m downwards at the original bearing platform and install the rope saw cutting
equipment.

2. The first knife from left to right cutting to pile cross-section of about 75%, due to the structure
of the pile by the cutting machine cutting surface gradually increased, pile force area
gradually reduced, when the pile force surface is less than 25% or so, the pile vertical force
eccentricity, this time, the pile and the conversion beam superstructure will be released tiny
downward deflection of the force, resulting in the corded saw jammed locks, and then
converted to cut the second knife;

3. Second cut is made at an interval of 150 mm between the top and bottom of the pile, and the
second cut is made from right to left to about 95% of the pile cross-section, and the saw is
locked to convert the cutting seam. The third cut is made at an interval of 150 mm between
the top and bottom, and the third cut is made from right to left to cut through the whole pile
section. Underpinning pile and superstructure stripping, cut off the pile in pieces 1 m. Pile
foundation underpinning is basically completed.
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ANALYSIS of SITE MONITORING for PILE FOUNDATION UNDERPINNING WORKS

Monitoring Arrangement
1. Settlement monitoring arrangement for existing buildings

Ninety-one settlement monitoring points were deployed for this project. Settlement observation
layout is shown in Figure 10.
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Fig. 10 - Settlement observation point layout

Construction monitoring activities commence from the initiation of pile foundation work. During
the construction phase, observations of underpinning beam construction and underground tunnel
work are conducted twice daily. For the remainder of the construction period, these observations are
reduced to once per day. Special monitoring is required for the following events: once each during
the suspension and resumption of construction activities, once monthly during periods of work
stoppage, three times per month during the first two months of the operational phase, once per
month from the third to the sixth month, once every two months from the sixth to the twelfth month,
two to three times per year in the second year, and once per year from the third year onward until
the construction reaches a stable state.

2. Stress monitoring of underpinning beams

There are 135 stress observation points laid out for this project. Stress monitoring layout is
shown in Figure 11.
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Fig. 11 - Layout of stress monitoring points
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3. Tilt monitoring of existing buildings

There are 18 building tilt points laid out for this project. Building tilt point layout is shown in Figure
12.

o
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Fig. 12 - Building tilt monitoring layout
4. Surface crack monitoring

There are several crack monitoring points for this project, and crack monitoring shall include
crack location, orientation, length, width, and changes. For crack width monitoring, steel nails can
be embedded on both sides of the crack, and the distance of the nails can be used to observe
whether the crack is further developed. It is also important to focus on the areas where cracks are
likely to occur. Timely detection of new cracks, good records and observation marking tracking
observation, through the existing cracks on the surface or due to engineering construction cracks to
carry out width monitoring, to assess the degree of impact of engineering construction on the
surrounding safety and normal use.

Analysis of Settlement Monitoring Data for Existing Buildings

Monitoring point settlement values were selected for key nodes at the end of the joist
construction, the end of the back jacking upper construction, and the end of the old pile removal
construction during the entire underpinning construction process, as shown in Figure 13.
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Fig. 13 - Settlement value of building monitoring point
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Maximum deformation values of the six underpinning beams at the critical nodes of construction
and maximum cumulative deformation values are shown in Table 2.

Tab. 2 - Maximum change value of settlement and maximum cumulative change value
Maximum deformation value Maximum cumulative deformation value
Deformation value . Deformation value . Deformation value
Point number Point number
(mm) (mm)
The first beam JGC-53 -2.1 JGC-54 -4.3
The second beam JGC-44 -3.5 JGC-46 -3.8
The third beam JGC-42 -5.1 JGC-28 6.3
The fourth beam JGC-25 -4.5 JGC-37 4.3
The fifth beam JGC-19 -3.6 JGC-15 4.1
The sixth beam JGC-4 -6.1 JGC-4 -6.1

From the figure, it can be seen that after back jacking the upper part and making the
predeformation construction of the underpinning beams finished, most of the measuring point
elevations were basically unchanged or had a change of about 1 mm; after removing the old piles,
all the measuring point elevations decreased, but the changes of the measuring points on each beam
were roughly the same, and most of the remaining measuring points were between 2~4 mm except
for some measuring points, and there was no uneven settlement of the CNA Building underpinning
the whole period. All the deformation values are less than the warning value £10 mm warning value.

Tilt Monitoring of Existing Buildings

Monitoring point tilt values were selected for key nodes during the entire underpinning
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construction process, the end of the joist construction, the end of the back jacking upper construction,
and the end of the old pile removal construction, as shown in Figure 14.
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Fig. 14 - Inclination value of building monitoring site

Maximum change in tilt and maximum cumulative change in tilt at the nuclear building
measurement points in the critical nodes of construction are shown in Table 3.

Tab. 3 - Maximum change value of tilt and maximum cumulative change value

. Maximum cumulative change
. Maximum change value
Deformation value
value Point number Chan?gvalue Point number Chan??)value
X-axis QX-1 0.0136 QX-12 0.0314
Y-axis QX-17 0.0256 QX-9 -0.0481

Maximum change in X-axis and maximum cumulative change in all measurement points is less
than +£0.2292° warning value, maximum change in Y-axis and maximum cumulative change in Y-
axis is less than +0.2865° warning value.

Stress-Strain Monitoring of Underpinning Beams

Underpinning beam construction was completed to the end of the old pile removal construction,
and the measurement points are shown in Figure 15.
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Fig. 15 - The monitoring value of stress and strain measuring point of underpinning beam

For each beam, the support axial force calculated from the measured values of the stress-strain
monitoring points of the beams remained basically unchanged from the end of the construction of
the beams to the end of underpinning jacking. During the jacking process, the deformation of the
beams caused the measured values to undergo a large change, and after the end of jacking to the
end of the pile cut-off, there was basically no change in the support axial force calculated from the
measured values. The maximum values of cumulative changes in axial force of each beam are
shown in Table 4.

Tab. 4 - Change in tension/pressure of the underpinning beam

Underpinning beam Cumulative maximum change value
Point number Change value (kN)

The first beam ZCL1-18 65.3
The second beam ZCL2-3 39.3
The third beam ZCL3-14 59.1
The fourth beam ZCL4-20 83.2
The fifth beam ZCL5-20 -16.5
The sixth beam ZCL6-7 -20.4

Maximum value of cumulative change was measured at the fourth beam, ZCL4-20, with a
maximum value of 83.2 kN. Cumulative change of tension/pressure at all stress-strain measurement
points was much less than the 687 kN warning value.

From the results of settlement monitoring, tilt monitoring, and stress-strain monitoring of the
beams underpinning, the construction results of the pile foundation underpinning of CNNC Building
by the double beam underpinning method are good.
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CONCLUSIONS

In this paper, for the super-large diameter shield tunneling conditions, large-span prestressed
double-beam buttress replacement of pile foundations underpinning buildings, unlike the usual “two-
tow-one” pile-beam structural buttressing, the single-span buttress beam of this project is at least
buttressing two existing pile foundations, and at most buttressing 16 existing pile foundations, which
puts forward a higher requirement for the structural stability in the whole process of buttressing.

(1) Settlement monitoring data, tilt monitoring data, and stress-strain monitoring data of the
underpinning beams for the existing building were carried out and collected on site during the
underpinning construction. Subsidence of the CNNC building did not show large settlement before
and after several construction phases, and the maximum deformation value was 6.3 mm.

(2) Maximum change in X-axis and maximum cumulative change in all measurement points is
less than £0.2292° warning value, maximum change in Y-axis and maximum cumulative change in
Y-axis is less than +0.2865° warning value. There is no overall uneven settlement, and all
deformation values are less than the warning value £10 mm warning value. For the tilt monitoring
data, the tilt values of X-axis and Y-axis are less than the warning value.

(3) Maximum value of cumulative change was measured at the fourth beam, ZCL4-20, with a
maximum value of 83.2 kN. Cumulative change of tension/pressure at all stress-strain measurement
points was much less than the £687 kN warning value. Underpinning beam stress-strain monitoring,
the cumulative change of tension/pressure calculated from all stress-strain measurement points is
much smaller than the warning value. From the results of settlement monitoring, tilt monitoring, and
stress-strain monitoring of the beams, the construction result of using double-beam underpinning
method to underpin the pile foundation of CNNC Building is good.
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ABSTRACT

Conducting proper stability analysis of potential rockfall hazards and implementing appropriate
prevention measures are crucial for ensuring highway safety. This study investigated a rock slope
along the G105 National Highway in Suichuan, Jiangxi, China. The stability of the slope was
evaluated through a combination of theoretical analysis and field investigation. The slope is stable
under normal conditions but transitions to a state of partial instability or instability during extreme
weather events or seismic activities, necessitating protective measures. To assess the risk of
rockfall, a Rock-fally simulation was conducted. The deposition distribution, kinetic energy,
translational velocity, and bounce height of rocks with varying volumes during the fall were
simulated. The kinetic energy of rockfall is primarily influenced by the volume of the rock mass,
while translational velocity, bounce height, and deposition distribution are closely associated with
the cross-sectional conditions. Based on the evaluation results, appropriate reinforcement
measures were selected, and the slope was monitored using INSAR and automatic monitoring
technologies. The combination of drone scanning, modeling, automated monitoring techniques, and
INSAR technology effectively reduces uncertainties in risk assessment. Based on the evaluation
results, the application of active energy-absorbing protection nets and other preventive measures
were proposed, demonstrating a satisfactory protective effect. The case study will provide valuable
engineering guidance for rockfall analysis and prevention on highway slopes.

KEYWORDS

Rockfall, Slope monitoring, INSAR, Prevention engineering

INTRODUCTION

In the densely populated regions, where land resources are scarce, buildings and pathways
were constructed along the mountains to maximize the utilization of the land. Nevertheless, the
utilization of the mountain area endanger the stability of the slopes, of which the susceptibility to
collapse and rockfall incidents is high [1]. This issue is particularly evident along the G105 National
Highway, especially in the Suichuan segment, Jiangxi, China. Which is characterized by a complex
geological environment and unstable slopes. These slopes, especially in areas with high gradients
and loose rock formations, are highly prone to rockfalls and landslides. Additionally, natural factors
such as rainfall and seismic events can trigger further instability, posing a significant threat to traffic
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safety. The complexities are inextricably of rock fall linked to factors such as the site-specific
characterisitcs of rockfalls, a lack of history rockfall datasets, and the difficulties of quantifying rockfall
stability in diverse risk-coupling scenarios [2-5].

In previous years, rockfall research was limited by the limitations of technology, and rockfall
prevention was predominantly based on experience and empirical approaches. Practices such as
retaining walls, drainage systems and slope reinforcement have been used to increase the stability
of rocky slopes. Furthermore, rock removal and periodic slope inspections were essential to promptly
identify potential risks. Later, empirical approaches proved effective in initial slope assessments.
However, relying solely on these methods to prevent collapses and rockfalls, reliance has often
resulted in suboptimal results. The main uncertainties are that predicting rock displacement
trajectories at different locations is difficult, which is a crucial factor in assessing rockfall hazards [6-
8]. Therefore, scholars focus on computational modeling and introduced numerical simulation
methods to evaluate the slope stability and predict disaster occurrences. The objective was to predict
high-risk zones and support decision-making in implementing protective measures. Currently, the
most used software for rockfall simulation is Rocfall. It conducts analyses involving translational
velocity, rebound height, kinetic energy, and debris distribution caused by rockfalls [9-11].

Numerical simulation methods overcome the disadvantages of empirical approaches. However,
these methodologies are not immune to inherent limitations that significantly affect the accuracy and
reliability of simulation results. The effectiveness of the numerical model depends on the quality of
the input data. Building a reliable rockfall model requires an extensive compilation of geological
parameters and comprehensive monitoring data. However, the spatial and temporal variability of
geological factors presents challenges in achieving forecast accuracy. Rockfall monitoring is typically
required, which includes Global Navigation Satellite Systems (GNSS) or inclinometers. Automatic
monitoring methods can be used in tracking movements of individual blocks and offer a high
frequency of data acquisition. However, the application is limited to the specific points on the rock
slope, meaning difficult to obtain the comprehensive capture of slope deformative characteristics
[12]. Consequently, critical data relating to regions of unstable slopes may be omitted during
monitoring, resulting in deficiencies in the numerical model's slope assessment. The latest
technology in slope monitoring is Interferometric Synthetic Aperture Radar (InSAR). Compared to
conventional methods, INSAR offers advantages such as improved spatial resolution, resilience to
interference, broad coverage and monitoring capabilities in all weather conditions [13]. With
continuous advancements and practical applications, INSAR has demonstrated advantages in
monitoring rockfalls, landslides, and catastrophic scenarios. However, INSAR also has limitations,
for example, its spatial resolution may be inadequate to accurately detect small rockfalls or localized
deformations. Furthermore, the specifics of the terrain and dense vegetation can obstruct the
visibility of slopes, increasing the challenges faced in monitoring rockfall [14-16]. In summary,
numerical simulation techniques have been significantly improved, as an alternative method to
empirical methods. However, the uncertainties of both the numerical simulation and the empirical
method largely arise from the uncertainties inherent in monitoring data [17]. Improving the reliability,
comprehensiveness and effectiveness of monitoring data in the context of rockfall management will
now be useful for assessing the stability of rock slope.

In light of these considerations, this study focuses on a rocky slope along National Road G105
in Suichuan County and evaluates automated monitoring techniques together with INSAR technology.
The study combines UAV remote sensing, 3D modeling, automated monitoring and InSAR, forming
a basis for slope stability surveillance. Data collection is used to analyze rockfall incidents across
multiple rock volumes and profiles, examining movement trajectories, velocities, rebound heights,
kinetic energies, and debris distribution. It proposes several fortification strategies, including active
and passive networks, shelters, and hazard reduction methods [18-19]. Through InSAR and
automated monitoring, a comprehensive surveillance regime is established for the rockfall-prone
region, offering continuous all- weather data for early warnings. These preventative measures have
proven to be effective in mitigating slope collapses and rockfall incidents, providing valuable
engineering insights for rockfall prevention.
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OVERVIEW OF THE ROCK SLOPE

The rocky slope is located next to the G105 National Highway in Suichuan County, Jiangxi
Province. The rock formation on the right side of the highway appears as a steep cliff, indicating the
potential for rockfall. The geological hazard associated with this slope is classified as high-level
rockfall, located on the steep cliff to the right of the highway. Through a comprehensive field
investigation, three specific regions that present an elevated rockfall risk were pinpointed and
denoted as WY1, WY2, and the concave cavity Figure 1 and Table 1 illustrate the location and
attributes of the rock mass at this location.

&
B3 6105
O &g
O IA#

Fig. 1 - Location and illustration of the rockfall

Tab. 1 - Characteristics of regional rock masses

Characterization

WY1

WY2

Concave cavity

Height of the rock
mass on the right

100-120m

150-170m

130-150m

Slope bottom
features

The rock mass at the
bottom of the cliff
remains relatively intact
with a higher vegetation
cover, and scattered rock
debris

The rock mass at the
bottom of the cliff
remains relatively intact
with a higher vegetation
cover, and scattered
rock debris

Slope 50-65°, with a high
vegetation cover and
relatively intact rock mass,
along with visible
accumulations of rock
debris.

Characteristics of
rock mass cracks

70m from the ground,
vertically extended,
yielding 74° /61°, about
30m in length and 50-
80cm in width, with plant
roots

70-75m from the ground,
vertically extended, in
line with WY1, length
about 30m, width about
50-100cm

No obvious cracks were
found, but gravity produced
localized chipping and falling

blocks
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Width about 36m, height | Width about 30m, height
about 30-35m, thickness | about 35-38m, thickness
about 7-10m, volume about 7.5m, volume
about 7560m?3 about 3250m?3

Dimensions of the
bottom of the rock
mass

ROCK MASS STABILITY ANALYSIS

Qualitative Analysis

Based on field investigations and stereographic projection analysis, the rock mass structure in
the study area is primarily controlled by the original bedding planes and two sets of high-angle joints
(J1: 143°276°, J2: 25°£88°). The bedding planes, with an orientation of 195°22°, form a typical
counter-slope relationship with the slope surface (74°261°), and their dip angle is significantly lower
than the critical friction angle required for sliding (typically >15°), effectively excluding the possibility
of bedding-parallel slip.

In contrast, the two joint sets (J1 and J2) are densely developed (joint trace frequency > 5/m)
and exhibit strong geometric compatibility with the slope surface. The angles between their strike
directions and the slope orientation are approximately 69° and 49°, respectively, while their dip
angles (76°-88°) are nearly parallel to the slope inclination (61°). This structural alignment facilitates
tensile stress concentration along the joint planes under external loading, significantly reducing the
tensile strength of the rock mass, and thereby promoting tensile failure along the joints.

Stability Calculation

According to site investigation, rockfall on this slope aligns with rotational landslide collapse.
The center of gravity of the rock masses in WY1 and WY2 is positioned within the pivot point.
Equation (1) is used for calculation when the stability is controlled by the tensile strength of the rear
rock mass and the center of gravity of the hazardous rock mass lies within the overturning point.
This equation is derived from the overturning stability calculation formula for hazardous rock slopes
specified in the specification [20].

1, H—h(2(H—-h) b
F_ff”" sinf (§ sinf +Cosacos(ﬁ—a)>+W-a

H—h h, M

b
Q.-ho + V( sinf + 3sinpf + Cosa €058 — a))

Here's the meanings of the parameters:

fi—— the standard tensile strength of the unstable rock mass (kPa), determined by multiplying
the standard tensile strength of the rock by a reduction coefficient of 0.40;

h--- Depth of the rear edge crack (m);

h,,--- Water filling height of the rear edge crack (m);

ho--- Vertical distance from center of gravity to tipping point (m);

H ---Vertical distance from the upper end of the rear edge crack to the lower end of the
unpenetrated segment (m);

W--- Self-weight of rock mass;

Q--- Seismic force(kN/m);

V--- Pressure of fractured water (kN/m);

a---Horizontal distance from the barycenter of mass of the unstable rock mass to the overturning
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point (m);

b---Horizontal distance from the lower end of the unpenetrated segment of the rear edge crack
to the overturning point (m);

a---Angle (°) between the contact surface of the unstable rock mass and the foundation. It takes
a positive value when the rock mass is outwardly inclined and a negative value when inwardly
inclined;

B---Angle (°) of the rear edge crack.

The inherent density of the rock is assumed to be 24 kN/m?3, while the saturated density is set
at 24.5 kN/m3. The tensile strength is estimated to be 400 kPa. Three distinct scenarios are
considered for the calculations: the existing condition, the rainstorm condition and the seismic
condition. For the existing condition, the calculations are based on the state observed during the
investigation period, accounting only for the self-weight of the rock mass. In rainstorm conditions,
the calculations take into account both the self-weight of the rock mass and the hydrostatic pressure
within the fissures induced by heavy rainfall. This pressure, calculated using the hydrostatic pressure
formula, is applied to the fracture surfaces and incorporated into the driving force generated by the
self-weight of rock mass to assess the potential for sliding under heavy rainfall. Duri this scenario,
the water level is presumed to range from 1/3 to 1/2 of the fissure depth. In the seismic condition,
the calculations encompass the self-weight of the rock mass, seismic forces, and the influence of
fissure water pressure. For seismic conditions, seismic inertial forces in both horizontal and vertical
directions—derived from the product of the weight of rock mass and the seismic acceleration—are
introduced to simulate earthquake-induced disturbances. In this scenario, the total driving force or
adverse load is composed of the self-weight of rock mass, seismic inertial forces, and fracture water
pressure. This total force is then compared with the resisting force, which includes cohesion and
frictional resistance, to calculate the factor of safety. The stability outcomes are presented in Table
2, adhering to the guidelines delineated in the relevant standards for rock stability assessment [20].

Tab. 2 - Calculation results of rock mass stability

Rock mass | Destruction Working Stability coefficient Prevention and Stability
number mode condition Fs of rock mass control safety level evaluation
Current 3.12 Stable
conditions
- Rainstorm
WY1 Tilting type condition 1.19 Secondary Unstable
Seismic 0.89 Unstable
conditions
Current 2.85 Stable
conditions
- Rainstorm Approximately
WY2 Tilting type condition 1.26 Secondary stable
Seismic 0.96 Unstable
conditions

The aforementioned results collectively suggest that the rock mass currently maintains a
condition ranging from stable to moderate stability, meaning that the safety factor is not high, but still
greater than 1.0. However, this state changes from a state of moderate stability to potential instability
during rainstorm conditions, and changes to a fully unstable state during seismic events. Under such
a circumstance, this could lead to disruptions in daily transportation or complete road closures when
a storm or earthquake hits this area.
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ROCKFALL SIMULATION

To accurately model rockfall behavior during descent, a detailed understanding of its complex
influencing factors is required. To support data collection, fixed aerial control points were set up at
the slope site, and an unmanned aerial vehicle (UAV) was used to capture images of the hillside
rock mass. Based on these images, a 3D model of the slope was generated, as shown in Figure 2.
The slope was divided into 29 sections from left to right for detailed analysis.

In model construction, appropriate values for parameters including slope slip coefficients,
roughness, tangential damping coefficients, rockfall geometric attributes, rock dimensions, and
density are selected based on data collected from field monitoring. The ensuing analysis that follows
provides information on the distribution of rockfall stopping points across various slope cross-
sections, along with assessments of kinetic energy, translational speed, and rebound height.

In Rock-fally simulations, rockfall modeling can intuitively illustrate the movement trajectories
and impact locations of falling rocks, aiding in the assessment of risk zones and the effectiveness of
protective measures. It offers advantages such as operational flexibility, low cost, and high
repeatability. However, its strong dependence on input parameters and the simplifications inherent
in the modeling process may lead to deviations from real-world conditions. Therefore, when applying
such simulations, it is essential to incorporate field data and set parameters appropriately to enhance
the reliability of the results.

-~ =
d

RS

Fig. 2 - Location of simulated characteristic cross-section of slope

Three main cross-sections have been chosen for rockfall analysis, employing Rockfall software.
To identify the influence of rocks with varying volumes, simulations have been carried out using rocks
with dimensions of 5m? and 10m3. The specific cross-sections and simulation models employed are
illustrated in Figure 3. The material parameters of the slope in the simulation at three cross-sections
are defined as bedrock outcrops, where the coefficient of normal restoration is set to 0.35, the
coefficient of frictional restoration is set to 0.85, and the friction angle is set to 30.
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Location(m)
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(a) Dimensions of 5m?in section 1

Rockfall trajectory
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(b) Dimensions of 10m? in section 1

Rockfall trajectory
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(c) Dimensions of 5m? in section 2
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Location(m)
3

(e) Dimensions of 5m? in section 3
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(d) Dimensions of 10m? in section 2

Rockfall trajectory
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Location(m)
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Location(m)
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(f) Dimensions of 10m? in section 3

Fig. 3 - Cross section rockfall trajectory map motion

In the Rocfall software simulation for the most representative sections, the falling rocks are
initially set at a velocity of 0 m/s, with the final velocity likewise set at 0 m/s. The initial rotational
velocity is also established at 0 m/s. The simulation is conducted over 1000 iterations for each
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section, allowing for a comprehensive statistical analysis of rockfall incidents. The rock density
employed in the simulation is specified at 2500 kg/m® The normal and tangential restitution
coefficients are predominantly contingent on the attributes of the surface of slope covering and
vegetation. The values for these coefficients have been derived from the geotechnical investigation
papers [21-22].

Model Calculation Results

(1) The influence of Deposition

The simulation results are based on probabilistic statistical analysis. The corresponding number
of simulated rockfall sections is shown in Figure 4. In Section 1, for falling rock volumes of 5m?, a
portion of them comes to rest within the range of 10-40m, with the highest count of falling points
noted at 13m, totaling 579. When the volume of falling rocks increases to 10m?3, some of them
accumulate within 10-30m, and the count at 13m is 597.

In Cross-section 2, for a rock volume of 5m?, deposition is predominantly observed between
150-210m, with the peak number of points recorded at approximately 205m, amounting to 132. With
a rock volume of 10m?, the maximum number of points is observed between 190-220m, reaching a
peak of 119 at 211m.

In Cross-section 3, the rock volume is it 5m3, the points of deposition are concentrated around
152m, with over 227 points. With a rock volume of 10m3, the maximum number of points is observed
between 140-170m, reaching a peak of 250 at 153m.
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(a) Section 1 (b) Section 2 (c.) Section 3
Fig. 4 - Number of falling rocks chart

Based on the statistical analysis of rockfall across the three cross-sections, it is evident that the
change in rock volume has a relatively minor effect on deposition distribution, while the geometric
and structural characteristics of the slope sections play a more dominant role. Among the three,
Cross-section 2 exhibits the highest overall hazard coefficient, as indicated by the greater number
and broader spread of rockfall deposition points. This suggests more intense and frequent rockfall
activity in that area.

In contrast, although Cross-section 3 has the lowest overall hazard coefficient, it presents the
most severe risk of road encroachment. The reason lies in the proximity of its deposition zone to the
roadway—many rockfall points are located very close to, or even directly on, the road surface. This
concentrated deposition near the road significantly increases the likelihood of traffic obstruction or
accidents, even with fewer total events. Therefore, despite its lower general hazard, Cross-section
3 poses a more immediate and tangible threat to road safety. As such, it is strongly recommended
to prioritize the implementation of protective measures along this section to mitigate the risk of road
blockage caused by rockfall.

(2) The influence of Kinetic Energy

The total kinetic energy diagram is shown in Figure 5. It is evident that in Cross-section 1, the
maximum kinetic energy escalates to 5,500 kJ when the rock volume is 5m?, and surges to 11,000
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kd when the volume expands to 10m3. In Cross-section 2, the maximum kinetic energy registers at
7,400 kJ for a rock volume of 5m3, and reaches 15,000 kJ for a volume of 10m?3. In Cross-section 3,
the highest kinetic energy is recorded at 7,100 kJ for a rock volume of 5m?, and ascends to 1,4000
kd for a volume of 10m3. The curves illustrating the rise in kinetic energy gradually ascend to a peak
before descending, a pattern that closely mirrors the motion characteristics of rockfall during the
collapse. With the assumption of consistent variables, such as cross-section attributes, it becomes
evident that rock volume exhibits a distinct positive correlation with kinetic energy.
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Fig. 5 - Total kinetic energy diagram
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An excess of kinetic energy can cause damage upon the road infrastructure, posing a
substantial threat to lives and property. A thorough analysis of rockfall kinetic energy serves as a
reference for the choice of protective structures, ultimately resulting in an effective reduction in the
costs associated with engineering measures.

(3) The influence of Translational Velocity

The horizontal velocity of falling rocks at different cross-sections under different volumes is
shown in Figure 6. The rockfall translational velocities as rocks descend from elevated positions, the
conversion of potential energy to kinetic energy induces alterations in velocity. These variations in
velocity serve as indicators of the roughness of the slope throughout the motion, facilitating an

analysis of slope safety.

It is evident that in Cross-section 1, the maximum translational velocity attains 46 m/s for a rock
volume of 5 m3, and escalates to 47 m/s for a volume of 10 m3. In Cross-section 2, the utmost
translational velocity is recorded at 53 m/s for a rock volume of 5 m?, and slightly higher at 55 m/s
for a volume of 10 m3. In Cross-section 3, the highest translational velocity is noted at 55 m/s for a
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Fig. 6 - Translational velocity of falling rocks
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The analysis of peak translational velocities leads to the conclusion that the alteration in rock
volume exerts minimal influence, while the characteristics of the cross-section play a more important
role in determining translational velocity. Specifically, a higher starting point for the rockfall results in
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greater translational velocity.

The sequence of peak translational velocities, from highest to lowest, aligns with the analysis of
rockfall deposition points, Cross-section 1 exhibits the highest velocity, followed by Cross-section 2,
and then Cross-section 3. This sequence further underscores the urgency for mitigation measures
to ensure the road safety from the rockfall hazards posed by this slope.
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(4) The influence of Bounce Height

The rockfall bounce height corresponding to the section taken is shown in Figure 7. Throughout
the descent of rockfall, the rocks may experience multiple rebounds upon striking various surfaces.
Each bounce has the potential to cause damage to the slope and lead to a dissipation of energy.

It is evident that in Cross-section 1, the maximum bounce height reaches 53m for a rock volume
of 5m? and 55m for a volume of 10m3. In Cross-section 2, the maximum bounce height attains 72m
for both rock volumes (5m? and 10m?3). In Cross-section 3, the highest bounce height is measured at
65m for a rock volume of 5m*® and 66m for a volume of 10m3. The examination of bounce height
across different cross-sections indicates that rock volume has a marginal effect on bounce height,
whereas the characteristics of the cross-section exert a more substantial influence.
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Fig. 7 - Rockfall rebound height chart

In summary, the distribution of rockfall deposition, translational velocities, and bounce heights
are briefly determined by cross-section itself, such as initial elevation and slope friction coefficient.
Meanwhile, rockfall kinetic energy is predominantly influenced by rock volume. The rockfall
simulations and subsequent analysis affirm that in the selected three representative cross-sections,
the maximum bounce height is 72m, the peak translational velocity is 55m/s, and the highest kinetic
energy is 15,000 kJ, all of which are observed in Cross-section 2. This analysis concurs with prior
calculations and field surveys, indication that rockfall poses a great threat to the use of the road.

DEFORMATION MONITORING BASED ON INSAR

To evaluate the deformation of the rock slope in the Suichuan segment of the G105 National
Highway, the analysis made use of both D-InNSAR and SBAS-INSAR methodologies for
comprehensive area monitoring. A total of 15 ascending orbit data scenes sourced from Sentinel-1A
were selected and subsequently processed. The study adopted the wide-swath interferometric mode
with VV polarization, generating Single Look Complex data in Level-1. The chosen mode was Scan
SAR-interferometric wide-swath (IW), covering a time duration of 168 days. INnSAR technology offers
significant cost advantages and spatial continuity for large-scale slope monitoring, with its millimeter-
level accuracy meeting the early warning requirements for highway slopes. Compared to traditional
methods, the automated INSAR system enhances data acquisition efficiency by approximately six
times and is not limited by terrain accessibility. While the GNSS reference station provides a point
monitoring accuracy of 2 mm, its deployment density is limited; total stations, though capable of
sub-millimeter precision, require manual periodic measurements, and data acquisition may be
interrupted by extreme weather conditions, such as heavy rainfall. The construction cost of traditional
monitoring networks (GNSS combined with total station) is approximately USD 36,000/km, while the
cost of INSAR in this study is only 17% of the traditional method. Particularly in high and steep slope
areas, where manual monitoring poses safety risks, INSAR technology demonstrates significant
advantages.
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D-InSAR

Differential Interferometric Synthetic Aperture Radar (D-InSAR) technology primarily needs
integrating external Digital Elevation Model (DEM) data to remove the terrain phase from the
interferogram derived from InSAR. At present, three primary D-InSAR techniques are commonly
employed: two-pass, three-pass, and four-pass interferometry. Among them, the two-pass
interferometric method is regarded as the most reliable due to its relatively simple implementation
and high accuracy.

Following the D-InSAR analysis, the Sentinel-1A data were processed with two-pass
interferometric method. This led to the generation of a surface deformation map, which unveiled non-
uniform ground deformation along the entirety of the road. The severely impacted regions primarily
cluster in the northern section, showcasing surface uplift with the maximum deformation measuring
0.219 m. In comparison, the deformation in the southern section is slightly lesser than that in the
northern section, with most deformations falling below 0.06 m. Within the central urban area, the
road segment indicates subsidence of approximately less than 0.08 m.

SBAS-InSAR

SBAS-InSAR stands for Small BAseline Subset INSAR, through the combination of a substantial
amount of SAR data, a series of differential interferograms with short spatial baselines can be derived.
This effectively avoids spatial decorrelation, enhancing the accuracy of the deformation analysis.

Following the two-pass interferometric processing of the Sentinel-1A data, the average
deformation rates along the G105 Suichuan section were computed. The overall deformation along
the road corridor is relatively modest, with the majority of regions displaying an annual average
deformation rate of approximately £50mm/year. The regions experiencing severe deformation are
primarily concentrated in the northeastern section, where the maximum subsidence rate reaches
50mm/year. Deformation rates in the southern section generally remain below 30mm/year, while in
the central urban area, the road segments undergo minimal deformation, with an average
deformation rate of around +10mm/year.

For a more detailed analysis of the deformation characteristics in the high-altitude collapse
areas along the G105 Suichuan section, seven key points of interest were selected. These points
encompass locations along the road alignment and within the range of the slope collapse, as shown
in Figure 8.
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Fig. 8 - Deformation rate diagram of the collapse points of Suichuan section G105 during the
monitoring period

@ DOI 10.14311/CEJ.2025.02.0019 287



Article no. 19

CIVIL
ENGINEERING THE CIVIL ENGINEERING JOURNAL 2-2025
JOURNAL

Through monitoring the deformation of high-risk collapse points, all seven monitoring locations
exhibited distinct deformation behaviors during the entire observation period. Generally, points 0 and
1 showed noticeable subsidence, while the remaining five points exhibited slight uplift.

Among these, point 3 demonstrated the greatest subsidence, reaching approximately 20 mm
between April 8 and April 20. Point 1 followed with a subsidence of 13 mm between July 1 and August
6. Point 2 remained relatively stable, with fluctuations confined within 8 mm throughout the
monitoring period, although a significant uplift was observed after August 6.

The deformation behavior at all monitoring points exhibited fluctuating patterns, which may
indicate episodic instability, potentially linked to anthropogenic activities. Several monitoring points
exhibited synchronized deformation trends, with abrupt subsidence or uplift occurring at specific
intervals. These significant deformation events underscore the importance of implementing timely
protective measures to ensure the safety of both vehicular traffic and pedestrians in the affected
areas.

MITIGATION MEASURES

Guided by theoretical calculations and assessments conducted through simulation software,
this study proposes the implementation of an actively controlled energy dissipation net in conjunction
with a rockfall protection system as well as the tunnel construction. In the case of rocks WY1 and
WY2, primarily due to their substantial volume and the emergence of unloading cracks at the rear
edge, it is advisable to initiate manual rock extraction as the preliminary measures. Furthermore, a
primary energy dissipation net will be strategically installed beneath the rocks. The lower section of
the net will feature an open design, while the remaining sections will be closed. This will result in a
total length of 260 meters and an average height of 155 meters. The protective area will encompass
40,300 square meters.

In the construction of the tunnel, an open-cut method will be employed, strategically positioned
at the most severely affected areas. The tunnel will take the form of an integral, single-aisle, two-
way driving structure, spanning a total length of 210 meters. The design takes into account a 2-meter
diameter rock block falling from a height of 100 meters, resulting in an impact force of approximately
838kN/m. To support the outer side of the tunnel, pile foundations will be employed, while the top
will be filled with crushed stones at a slope ratio of 50% [23]. In order to ensure the rationality and
feasibility of the proposed protection measures, a preliminary cost estimation has been conducted.
The estimated investment includes the following components: Manual removal of unstable rocks
(WY1 and WY2); Energy dissipation net (260m x 155m, covering 40,300 m?); Tunnel construction
(210m, open-cut method); Pile foundations; Backfill and slope treatment; Safety monitoring system.
The total estimated cost is approximately USD 2.57 million. Considering potential geological
uncertainties and implementation risks, it is recommended to set aside an additional 10%
contingency, bringing the overall estimate to about USD 2.83 million. These investments are
considered necessary and cost-effective, given the potential consequences of rockfall hazards in the
project area.

Automated Monitoring

To monitor the potential rockfalls during and post the construction phase, a comprehensive
combination of automated monitoring techniques will be deployed. This array includes the monitoring
of surface deformation, precipitation levels, rock tilt angles, fractures in the rock, and on-site
conditions of the mountain. The primary monitoring method will need the use of GNSS satellite
positioning to track the absolute displacement of the slope. For fracture monitoring, points will be
strategically installed at locations exhibiting instability and pre-existing cracks.

Moreover, rain gauges will be positioned at higher sections of the slope, isolated from the
influence of the surrounding environment. Wireless tilt monitors will provide real-time observations
of rock tilt variations. In the event that the tilt of the rock exceeds the predetermined warning
threshold, timely alerts will be issued. Video surveillance cameras will be strategically stationed in
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open and unobstructed areas to provide panoramic views of potential collapse and rockfall zones,
enabling real-time and comprehensive monitoring. The layout of the monitoring stations and the
monitoring site is depicted in Figure9.
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Fig. 9 - Layout of monitoring stations and monitoring sites

The post-construction monitoring outcomes reveal that the machine vision measuring
instrument recorded the highest cumulative horizontal displacement at 9.64 mm, while the ground
exhibited a vertical displacement of -9.68 mm. The settlement inclinometer detected a maximum
cumulative change of -8.33 mm. In the x-direction inclinometer, which comprises one reference point,
one turning point, and ten valid points, the maximum cumulative change during the monitoring period
is -0.21°. In the y-direction inclinometer, the maximum cumulative change is -0.18°. The rope
extensometers registered a maximum cumulative change of 0.48 mm.

Based on the results of automated monitoring, the monitoring system demonstrates relative
stability. The measured values at various monitoring points in the slope stabilization project display
minor variations, indicating that the slope is in a stable condition. Additionally, no ongoing expansion
of cracks in the tunnel is observed, and there are no significant signs of uneven settlement in the
tunnel foundation.

CONCLUSION

This study focuses on a rocky slope in the Suichuan segment of the G105 National Highway,
conducting a qualitative analysis of the rock mass in the area. A three-dimensional representation of
the slope is constructed using unmanned aerial vehicle (UAV) scanning. Rocfall software then
analyzes the translational velocity, rebound height, kinetic energy, and deposition distribution for
varying rockfall volumes. Additionally, slope stability is monitored through the integration of INSAR
and automated monitoring technologies. By combining traditional slope stabilization methods with
advanced intelligent monitoring approaches, this study effectively prevents and controls slope
instability, leading to the following conclusions.

The rocks WY1 and WY2 on the slope remain stable under normal conditions, showing slight
instability during heavy rainfall and becoming prone to instability during seismic events. The slope is
particularly vulnerable to high-level collapses, with potential block falls and large-scale collapses
along structural planes. Proposed measures, such as active energy dissipation nets, manual rock
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removal, and strategic tunnel engineering, effectively control and prevent rockfalls.

Simulation results from Rocfall software show a strong positive correlation between the kinetic
energy of rockfall and the volume of falling rocks. Meanwhile, translational velocity, rebound height,
and deposition distribution are primarily influenced by cross-sectional conditions, such as the height
of the falling points and friction coefficients on the impact surface, with no significant relationship to
the rockfall volume. The combination of UAV scanning, automated monitoring, and InSAR
technology reduces uncertainties in slope risk assessment, making the monitoring data more precise
and reliable.

In conclusion, the comprehensive integration of various techniques in this study has been
instrumental in assessing and mitigating rockfall risks on the designated slope. The insights gained
from this research will provide valuable guidance for similar engineering projects addressing rockfall
risks.
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ABSTRACT

The rapid collection of accurate spatial data and its use in various domains is driving the
evolution of Mobile Mapping Systems (MMS). This study evaluates the accuracy of the Riegl VMX-
2HA system in three different environments: an urban residential area, an open road section with an
unobstructed view of the sky, and a forested roadway where GNSS signals are significantly affected.
This research investigates the effect of these environments and different alignment methods on point
cloud accuracy. A combination of GNSS, IMU and DMI was used to determine the trajectory, with
measurements tied to GCPs. The study compares the results of the processing of the separate
sections with the calculation of the entire section and evaluates the differences of the repeated
measurements. The results show that aligning measurements without separating sections by
environment improves accuracy. The results contribute to the optimisation of MMS-based data
collection strategies and provide insight to improve the reliability of spatial data collection.

KEYWORDS

Mobile laser scanning, Mobile mapping system, Point cloud accuracy, Riegl VMX-2HA

INTRODUCTION

The requirement for rapid spatial data collection was behind the creation of the first mobile
mapping devices. These devices were initially georeferenced only to ground control points (GCPs);
later, additional sensors were integrated for positioning [1; 2; 3]. These methods have a significant
impact on overall accuracy. To determine the initial trajectory, a combination of GNSS (Global
Navigation Satellite System), IMU (Inertial Measurement Unit), and DMI (Distance Measurement
Indicators) are used in vehicle mounted Mobile Mapping Systems (MMS).

Although the GNSS system can achieve absolute centimetre accuracy, the GNSS signal is
often degraded by sky obscuration or multipath interference. The IMU is used to obtain accelerations
and rotations, and the relative position of the vehicle can be determined from the measurements.
However, errors and noise accumulate in these measurements. For optimal computation of the initial
trajectory by combining the above methods, it uses the Kalman filter [4; 5; 6]. In addition, the
measured trajectory can be transformed into GCPs to ensure accuracy or improve accuracy in
sections without a GNSS signal [7; 8]. Another method is to align the point cloud using the
Simultaneous Localization and Mapping (SLAM) algorithm [9; 10], but this principle is mostly used
for handheld mobile laser scanners, which are mainly used in places without GNSS signals such as
buildings [11; 12; 13], forests [14; 15], historical structures [16] or mines [17].
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Currently, there are several commercial vehicle-mounted MMS solutions that use panoramic
cameras and Light Detection and Ranging (LIiDAR) sensors for data acquisition [18]. In testing these
devices, the authors of this paper discuss both the accuracy and data quality of the system and its
use for specific purposes.

The use of MMS is currently highly relevant. These devices are being developed and
improved for several reasons. The first is their use for autonomous vehicle control. This focus
involves the relative position of the vehicle (car) in its surroundings, the recognition of traffic signs
and the monitoring of traffic [19; 20; 21; 22]. In this context, deep learning tools are widely used for
data processing and classification [23; 24; 25; 26; 27; 28].

For surveying purposes, the resulting accuracy of the output is important. In this context,
papers deal with the accuracy of the systems [29; 30; 31; 32] especially in terms of the impact of the
density of GPSs [33; 34; 35]. These papers imply that the number and quality of GCPs have an
important role in the accuracy of the result. However, for effective data collection, it is recommended
to use GCPs targeted by the GNSS method with a spacing of 1000 m. This paper focusses on the
investigation of the accuracy and behaviour of the MMS device in terrain with different
characteristics. [35; 36].

MATERIALS AND METHODS

This chapter describes the characteristics of the test field, the determination of ground point
coordinates, and point signalling. Furthermore, it gives a brief description of the work involved in the
creation of point clouds, and it concludes with a description of the evaluation of observed values
when working with MMS.

Test Field Specification

The test field (Figure 1) dedicated to investigating the properties of the MMS approach using
the Riegl VMX-2HA was designed to include various types of area. The test field is in Pilsen, South
suburb (Jizni pfedmésti, 49.7299869N, 13.3574144E). The total length of the test field is 5.5 km with
109 points spaced approximately 50 m apart.

Test field for MMS [
| Location: Plzefi, Legend L

Jizni predmésti © Tepoints |

0 100 200 m|

) SE ST S e X

Fig. 1 - Map of the MMS test field

Field Sections

The first section (Figure 2a), 1.5 km long, is in the calm locality of "Na Hvézdé&". This area is
dominated by residential development and street trees. The second section (Figure 2b) lies along
"Sukova", "Folmavska" and "U Letisté" streets and is a multi-lane road with unobstructed views of
the sky. The last section of 1 km is then placed in "Dobfanska" Street (Figure 2c). The surrounding

area of this street is forested and therefore the GNSS signal is significantly interfered with.
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(b)
Fig.2 - Types of area (a— Section 1, b — Section 2, ¢ — Section 3)

Reference and Validation Point Network

Control and check points were stabilised with a measuring steel spike and marked by street
lines or a 15x15 cm chequerboard target. The coordinates of the points of all sections were
determined by the GNSS RTK method (GNSS points), and the points of the first section were
additionally determined by a total station with subsequent alignment (TS points).

Each point was independently measured twice using a Leica GS18. The average standard
deviations of the GNSS point determinations were calculated based on these dual measurements.
Table 1 presents the standard deviations of the GNSS coordinates derived from the repeated
measurements.

Tab.1 - Deviations of GNSS measurement

Field Sections StDev 2D [mm] StDev 3D [mm]
Section 1 23 27
Section 2 14 16
Section 3 14 20

Only ground points in Section 1 were measured using the polygon method using a Leica
TS1200 total station and then calculated by adjustment in EasyNET software (Version 3.5). Section
1 was assumed to be moderately demanding in terms of GNSS interference. The coordinates
determined by this method will be used to calculate the differences between the point-cloud
alignment methods. Measuring the entire field using this method would be time consuming, and
despite this, it is not expected to be of significant benefit to this work. Table 2 shows the network
adjustment parameters in the EasyNet software.

Tab.2 - Adjustment parameters of the tied network

Adjustment method Tied network
Fixed points 1,5,25
Average 2D standard deviation 22mm
Average 3D standard deviation 22mm

Methodology

The data acquisition parameters, the vehicle speed, and the calculation settings affect not
only the density of the point cloud but also its overall quality and accuracy. This chapter provides an
overview of the fundamental parameters for data collection, as well as the calculation procedure.
Detailed descriptions of each parameter can be found in [33].
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MMS Data Acquisition

The test field was measured with a Riegl VMX-2HA mobile mapping instrument, attached to

a car. The measurements were taken in December 2022. A panoramic camera was not used for the
mapping as it was not planned to evaluate the photo data or colour the point clouds. The entire field
was surveyed twice (forward and backward). The vehicle moved at an average speed of 20 km/h on
the "forward" approach and 35 km/h on the "backward" approach. All significant parameters are

listed in Table 3.

Tab.1 - Parameters of data collection

Environmental Factors

Ambient Temperature 1°C
Atmospheric Pressure 1020 hPa
Relative Humidity 90 %

Operational Parameters

Average Vehicle Speed

20 km/h and 35 km/h

Laser Pulse Repeat Frequency

1000 kHz

Use of Panoramic Camera

Not utilized

MMS data processing

The Riegl RIPROCESS data software was used to create point clouds from the measured

data and the trajectory from the GNSS/INS data was computed in the Applanix POSpac software.
A total of eight point-clouds were computed, two clouds of the entire test field (forward and backward)
with GCPs spacing 1km and two clouds for each Section in the same procedure. Figure 3 shows a
flow chart of the process with important parameters.
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Fig.3 - Data processing flow chart

MMS evaluation

This chapter describes how the results are calculated and evaluated. It focusses on the
influence of the alignment method in RIPROCESS software on the resulting cloud accuracy, the
quality assumptions of GNSS point clouds, and in the last part to the point clouds and their
accuracies.

Determination of accuracy

The deviations were determined by comparing the ground check points with the
corresponding points extracted from the point clouds. Equation 1 provides the formula for calculating
the Root Mean Square Error (RMSE), while Equation 2 defines the calculation of Standard

Deviations.
7.7'_ sz
RMSD = ’#,
n

where Ax; = X; — X, X; are the coordinates of the check point,
X, are the coordinates of the point obtained from the point cloud. (1)

)
i=1Yi

StDev = )

ev —
where v? = AX — AX;,

AX; are the coordinators dif ferences between the check points and the points obtained from the cloud,
AX is their average. (2)
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Influence of the Alignment Method

The initial trajectory is computed from GNSS, INS and DMI data. The absolute position is
provided by GNSS, which, especially in places with obscured views of the sky, may show larger
deviations from the actual terrain and in some places the trajectory may even be deformed. For these
purposes, it is recommended to align the measurements with the ground control points and adjust
the entire trajectory. The alignment process utilises GNSS, INS, and DMI data along with their
respective accuracies. GCPs are marked on the initial point cloud to refine alignment.

Figure 4a shows the spatial deviations of the initial trajectory; the difference between sections
and the impact of GNSS measurements on accuracy are significant. The state after the "non-rigid
with translation" adjustment to the GCPs can be seen in Figure 4b. The marked locations of the local
minima appear where the ground control points were located. There are four significant maximum
deviations in this plot; these deviations are very similar to each other and occur at locations where
the vehicle was forced to stop at the road junction. The last thing that can be noticed from comparing
these two graphs is that the calculated deviations are reduced after the alignment, but the trends are
kept. These graphs were computed in the RIPROCESS software.

3D Trajectory Deviation 3D Trajectory Deviation

60 mm 25 mm
50mm| | 20 mm
40 mm 15 mm

| 10 mm
30 mm ; i =

. i s 5mmi10 10 23/-128 143 162 83104
471100 472100 s 4711005 472100
(@) (b)

Fig.3 - RiProcess trajectory deviation

RIPRECISION software offers three types of adjustment:

Non-rigid with translation: The entire trajectory is first rotated and translated to minimise
deviations at the ground control points, followed by local alignment around the ground control points,
and therefore scale adjustment.

Non-rigid: Only local alignment around the ground control points and scale adjustment is
performed.

Rigid with translation: The trajectory is rotated and translated to minimise deviations at the
ground control points.

For comparison of the adjustment, the point clouds of Section 1 where the TS ground control
points are used, and therefore the result will not include the GNSS error. Three clouds were
computed, and each point cloud was first aligned at points 10 and 23 (1 km spacing between points),
and the trajectories were adjusted according to the methods mentioned. Figure 5 shows the profile
of point clouds with checkpoint TS 5.
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Fig.4 - Profile of various adjustment types

Accuracy of MMS in Various Environments

In this article, three types of environments are studied. The results are expected to show the
difference in the point cloud accuracy with the same spacing of the GCPs. This section also focusses
on the point cloud accuracy when the section was computed separately (without other sections) and
when the section was computed together as one raid.

The last chapter is dedicated to the repeatability of measurements, i.e. the difference of point
clouds of the same section that have been measured repeatedly and are tied on identical GCPs.
The points taken from the "forward" and "backward" point clouds were compared. Also, in this case,
differences were calculated from point clouds computed by sections and point clouds computed as
part of the entire field.

RESULTS

Influence of the Alignment Method

Figure 6 illustrates the 3D deviations of each check points distributed along the trajectory.
The deviations are calculated here as the difference between the TS point coordinate and a point
manually taken from the point cloud. The plot values show similar trends in the deviations, especially
between the "non-rigid" and "rigid with translation" methods. The "non-rigid with translation" method
shows the smallest deviations during the trajectory, which can be seen in the summary of Table 4.
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Tab. 2 - Summary deviations of various adjustment types

Alignment method StDev 3D [mm] [RMSD 3D [mm]
Non-rigid with translation 16 18
Non-rigid 20 25
Rigid with translation 20 27

Accuracy of MMS in Various Environments

Data collection was carried out in three areas. Section 1 was measured in a built-up
urban area, Section 2 was carried out on a two-lane road section, without disturbing the view of the
sky, and Section 3 data collection was carried out on a forested road. The sections are connected
to each other.

Figure 7 shows the deviation plots for these sections. While the line graph represents the
deviation of the MLS measured point from the "forward" approach from the point measured by GNSS
method, the bar graphs show the 3D deviation of the points from the "forward" and "backward"
passes. Compared to the GNSS points, the plot values also show the minimum deviation of the
cloud calculated separately and the cloud computed as a group of all sections. The largest difference
between these deviations can be seen in the graph of Section 2 at point 40, the difference reaches
26 mm.
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The Table 5 shows in detail the sampling standard deviations (StDev) and Root-mean-
square-deviations (RMSD). The plane deviations of the first pass for all environments (compared
with GNSS points) are almost identical, StDev 15mm. A more significant difference in this
comparison is seen for spatial deviations, because of the height component. However, the difference
in deviations between the areas is in the range of millimetres.

The difference in total deviations from the comparison of cloud points from two passes
behaves similarly when the clouds are adjusted separately. For all environments, the deviations
reach similar values. However, the table shows very small deviations in the height deviation when
the clouds were calculated as part of the whole. The height deviations from these repeated passes
are below 4 mm.

Tab. 3 - Summary deviations of measured sections

MM|

DEVIATION FROM REPEATED PASS |

DEVIATION FROM REPEATED PASS [MM)]

Section |Calc. [2D GNSS[mm] |3D GNSS[mm] [H GNSS (2D Rep. Pass|3D Rep. Pass|H Rep.
[mm] [mm] [mm] Pass [mm]
StDev |RMSD |StDev |RMSD |StDev StDev |RMSD |StDev |RMSD | StDev
1 Sep. |16 17 21 24 13 14 16 17 19 10
Tot. 15 17 20 22 13 9 9 9 9 2
2 Sep. |15 15 19 19 11 15 17 18 20 11
Tot. 15 15 17 19 9 13 15 14 15 4
3 Sep 15 16 23 27 17 16 19 17 20 6
Tot. 16 18 21 25 12 15 19 15 19 1
Entire |- 15 16 20 22 12 13 14 14 15 3
area
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Explanatory notes:
Sep. - point clouds were calculated separately for each section, Tot. - point clouds were computed
as part of the entire area.

CONCLUSION

This article was dedicated to comparing the accuracy of the MMS method with the Riegl
VMX-2HA in various environments. These areas differed mainly in GNSS interference. The data
were acquired on a 5.5 km long test field in Pilsen. The points used for the calculations are spaced
at 50 m intervals along this route, and their coordinates were determined by the GNSS method.

In the first step, it was appropriate to determine the method of adjustment of the initial
trajectory on the GCPs. An experiment was performed in which the measurements in the first section
were aligned to two points (spaced 1000 m apart) and point clouds with different transformations
were calculated. For these calculations, very precise points determined by the adjustment of the tied
network (TS points) were used. The results show that the most accurate method and the method
used further is the "non-rigid with translation" transformation, which achieved a 3D standard
deviation of 16 mm.

The results of the sections comparison with GNSS points show several similar results. The
first says that the accuracy of the point cloud, computed as part of the whole (with varying
environments), increases the accuracy of the results. This was also applicable for Section 2, where
linking to sections with worse conditions, there was no degradation in accuracy. The results show
an improvement in the 3D standard deviation of 1-2 mm. The change of environment is only slightly
reflected in the planar deviations, a more significant change is only seen in the elevation deviation,
which affects the spatial accuracy. The best result in this experiment is the accuracy of Section 2
(road without GNSS interference) 3D StDev 17 mm, followed by the built-up area Section 1 3D StDev
20 mm and the forested road Section 3 3D StDev 21 mm.

The deviations from the repeat pass show spatial deviations of about 15 mm, and surprisingly
the largest deviations in this comparison are in Section 2. Thus, it can be estimated that more weight
was added to GNSS measurements (during MMS measurement) in this section, which were
undisturbed here, making the calculation less dependent on the GCPs. An interesting value in this
section is the standard deviation of the heights for point clouds computed as an entire area, here it
is below the 5 mm. These values again suggest an improvement in accuracy when the sections are
not separated.

The results of this work show the greater accuracy of the Riegl VMX-2HA, despite the density
of GCPs, compared to its predecessor, the RIEGL VMX-450. The measurements show that this
system can be reliably deployed under diverse conditions ranging from urban areas to forested
roads. Its simplicity, fast data acquisition and precision make it a suitable primary method for
mapping large areas without complex preparation or a high number of control points. The collected
data can also be efficiently supplemented with outputs from handheld scanners, drone-based aerial
surveys or conventional geodetic measurements. This approach helps to optimise the costs of spatial
data collection while ensuring high quality of the final model.
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