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Abstract

Conventional rigid revetments provide limited ecological functions, while flexible biomass-
based systems often lack adequate load-bearing stability. This study developed a timber-pile-
supported mulberry branch bundle arch revetment and investigated the effects of bundle 
arrangement, joint restraint, and rise-to-span ratio on structural deformation, load transfer, 
and load-bearing performance. Staged model-box loading tests, rise-direction compres-
sion tests, joint-optimization validation tests, and rise-to-span ratio tests were conducted, 
and the support-transmitted forces and equivalent eccentric-compression characteristics 
were analyzed. Among the four basic configurations tested using scaled specimens, the 
horizontal mulberry branch bundle arch configuration (HA) exhibited the smallest horizon-
tal deformation. In the rise-direction compression tests, the combined horizontal-vertical 
mulberry branch bundle arch configuration (CA) reached a mean peak load of 5.384 kN, 
which was 12.0% higher than that of HA (4.807 kN), whereas HA exhibited a more stable 
post-peak response. The combined joint optimization scheme, comprising solid trape-
zoidal timber joints, contact surface flattening, geotextile interfaces, and restraining nails, 
reduced the cumulative horizontal displacement of HA by 14.3–16.7% and increased its 
mean peak load by 26.96%, without separately evaluating the contribution of each modifi-
cation. The support-force measurements and equivalent eccentric-compression analysis 
provided support-level evidence of relatively balanced bilateral compressive support and 
arch-type load transfer in the optimized HA. For rise-to-span ratios of 0.2, 0.3, and 0.4, 
the corresponding mean peak loads were 4.487, 6.917, and 2.260 kN, respectively, with 0.3 
showing the most favorable overall mechanical response among the three tested ratios under 
the present experimental conditions. These results highlight the combined influence of 
bundle arrangement, joint configuration, and rise-to-span ratio on the mechanical response 
under the tested conditions.

Keywords: ecological revetment; mulberry branch bundle arch; timber pile; arch-type load 
transfer; joint optimization; rise-to-span ratio

1. Introduction
Small- and medium-sized river channels serve multiple functions, including flood 

conveyance and drainage, agricultural irrigation, and ecological connectivity. Although 
conventional masonry and concrete retaining structures can satisfy requirements for earth 
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retention and erosion protection, their relatively impermeable interfaces may weaken water-
soil exchange and aquatic-terrestrial ecological connectivity, thereby contributing to riparian 
habitat fragmentation and river ecosystem degradation [1–4]. Consequently, flexible revet-
ment systems that simultaneously address bank stability and ecological functionality have 
received increasing attention [5,6]. Flexible ecological revetments composed primarily of 
timber piles, bamboo, and branch materials generally exhibit relatively high porosity and 
permeability. While providing initial earth-retaining and erosion-resistant functions, they 
can also preserve space for vegetation recovery and the reconstruction of aquatic-terrestrial 
habitats [7–10]. Combined with the root-reinforcement and transpiration-related effects of 
riparian vegetation, such systems may also contribute to long-term bank stability [11–14].

The realization of these ecological functions depends fundamentally on the load-
bearing reliability of the revetment structure itself. If excessive deformation or structural 
failure occurs under earth pressure and hydrodynamic actions, vegetation recovery and 
habitat improvement may not be effectively sustained [15,16]. Natural woody materials 
exhibit pronounced mechanical anisotropy, and their properties are influenced by factors 
such as moisture content, material quality, and load duration [17,18]. In addition, the 
natural geometric variability, durability, and joint load-bearing capacity of logs and branch 
components can constrain their engineering applications [19–21]. In engineering practice, 
closely spaced timber pile systems provide effective earth-retaining performance but require 
relatively large amounts of timber and involve high construction costs. Although combining 
spaced timber piles with bamboo fencing can reduce timber consumption, long-term service 
may still lead to fence deformation, connection detachment, geotextile damage, and loss of 
soil behind the piles [22]. These observations indicate that, when timber usage is reduced, 
the load-bearing form of the inter-pile components and the corresponding joint configuration 
remain key factors governing the structural reliability of flexible revetments.

To address this issue, Hua et al. [22] proposed an ecological revetment system combin-
ing spaced timber piles with a mulberry branch bundle arch. As shown in Figure 1, the 
timber piles provide support for the mulberry branch bundle arch, with the convex side of 
the arch facing the backfill soil and the concave side facing the water. The mulberry branches 
are arranged vertically along the structural height and bundled to form the arch component. 
During construction, the timber piles are installed first, followed by placement and fixation 
of the bundled branch arch components between adjacent piles and subsequent backfilling 
on the convex side. Under compressive loading, this configuration mainly exhibits bundle 
compaction and overall adjustment of the arch geometry, accompanied by some loss of rise.

 

Figure 1. Field construction of the timber-pile-supported mulberry branch bundle arch revetment.
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However, three aspects of the mechanical design of this system still require quantitative 
investigation. First, the compatibility between different branch arrangement directions 
and the load-transfer direction along the arch axis has not been directly compared, and 
its effects on deformation, compression response, and post-peak response remain unclear. 
Second, although previous studies have suggested that the mulberry branch bundle arch can 
develop arch-type load transfer and horizontal thrust, the arch-type load-transfer behavior 
has been inferred mainly from the structural configuration and observed deformation 
and has not been experimentally assessed using direct support-force measurements or 
equivalent compressive-state analysis at the supports. The influence of different joint 
forms on sustained arch-type load transfer and post-peak failure characteristics also lacks 
systematic comparison. Third, quantitative evidence for the effects of arch geometry remains 
insufficient, particularly regarding the influence of rise-to-span ratio on the compression 
and deformation responses of mulberry branch bundle arches.

From a mechanical perspective, arch structures can transform part of a transverse load 
into compressive forces along the arch axis. When the arch axis is reasonably compatible 
with the thrust line, bending effects can be reduced, and axial load-bearing efficiency can 
be improved [23,24]. Previous studies have shown that support slip can weaken horizontal 
thrust transfer and reduce the load-bearing performance of arch structures [25], while the 
rise-to-span ratio can influence load-bearing and failure behavior by altering arch curvature 
and internal force distribution [26,27]. Arch-type load transfer has also been explored 
in hydraulic revetment design [28]. However, unlike continuous materials such as steel, 
concrete, and masonry, mulberry branch bundles are formed by natural branches through 
bundling, friction, and contact and therefore exhibit discontinuous characteristics, including 
material anisotropy, intra-bundle slip, contact rearrangement, and joint sliding [17,19]. 
Classical arch theory can therefore be used to interpret the basic trends in load transfer, 
but its quantitative parameters and failure criteria cannot be directly applied to mulberry 
branch bundle arches.

Compared with the mulberry branch bundle arch previously proposed by Hua 
et al. [22], the principal innovation of the present study lies not simply in modifying 
the arch geometry, but in adjusting the orientation of the mulberry branches relative to the 
primary load-transfer direction. In the previous configuration, the longitudinal direction 
of the branches was not aligned with the main compressive load-transfer path along the 
arch axis, which limited the direct utilization of their relatively high compressive strength 
parallel to the grain. Therefore, the present study introduced horizontally arranged mul-
berry branch bundles with the branches aligned along the arch axis, aiming to make more 
effective use of their compressive strength parallel to the grain and enhance compression- 
and contact-dominated arch-type load transfer between adjacent components.

Based on these research gaps and mechanical considerations, the present study fol-
lowed a progressive framework of configuration screening, failure identification, joint 
optimization, and geometric parameter evaluation. First, staged model-box loading tests 
and rise-direction compression tests were conducted to compare the deformation, load-
bearing, and failure characteristics of four basic configurations, namely VS, VA, HA, and CA. 
Second, the selected HA configuration was optimized using solid trapezoidal timber joints, 
contact surface flattening, geotextile interfaces, and restraining nails. Model-box loading 
tests, support-transmitted force monitoring, and an equivalent eccentric-compression analy-
sis were then used to evaluate the joint-optimization effect and assess the support-end force 
state associated with arch-type load transfer in the optimized HA. Finally, rise-to-span ratios 
of 0.2, 0.3, and 0.4 were investigated to compare load-bearing and deformation responses 
under different arch geometries. The objectives were to clarify the mechanical advantages 
of the horizontal mulberry branch bundle configuration, obtain experimental evidence of 
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arch-type support load transfer in the optimized HA, and determine the effects of joint 
restraint and rise-to-span ratio on structural mechanical response, thereby providing an 
experimental basis for structural optimization and engineering application of this ecological 
revetment system.

2. Materials and Methods
2.1. Experimental Materials and Preparation of Mulberry Branch Bundles

Lignified branches obtained from mulberry tree pruning were used as the primary 
material for the arch specimens and are hereafter referred to as mulberry branches. The 
branches were collected from a mulberry plantation in Dongtai, Yancheng, Jiangsu Province, 
China. Prior to specimen preparation, branches exhibiting obvious decay, cracking, excessive 
curvature, or concentrated local defects were removed. The remaining branches were 
screened according to diameter and length to reduce the influence of the inherent variability 
of natural materials on comparisons among different specimens. The selected branches 
had diameters mainly ranging from 10 to 12 mm. The selection of mulberry branches 
was primarily based on their local availability, potential for utilizing pruning residues, 
and mechanical suitability. Mulberry pruning generates substantial quantities of lignified 
branches, which may result in resource waste and environmental pollution if improperly 
disposed of. Previous studies have also shown that mulberry branches possess favorable 
compressive, bending, and shear properties, making them suitable for use as bundled load-
bearing components. Pine timber was used for the supporting piles on both sides because of 
its availability, ease of processing, and ability to provide the strength and stiffness required 
for the present experiments. As timber species was not an investigated variable, pine timber 
piles were used throughout the study, with their dimensions and support conditions kept 
consistent within each comparative test series.

Following the material testing procedures reported by Li [29] and Qin [30], the mois-
ture content, compressive strength parallel to the grain, compressive strength perpendicular 
to the grain, shear strength, and bending strength of mulberry branches from the same 
source and with comparable dimensions were measured. The resulting mean physical and 
mechanical properties are summarized in Table 1, together with the corresponding sample 
standard deviations and sample sizes.

Before testing, the mulberry branches had been stored for an extended period in a 
ventilated and dry indoor environment and were tested in an air-dried condition without 
additional moisture conditioning. The moisture content was determined using the oven-
drying method on five replicate specimens, yielding a mean dry-basis moisture content of 
11.92%. It should be noted that the mechanical properties reported above correspond to 
this air-dried condition. Under actual riverbank revetment service conditions, the mois-
ture contents of the timber piles and mulberry branch components may be considerably 
higher than those in the present experiments. Woody materials generally exhibit reduced 
strength and stiffness and increased deformability at higher moisture contents. Therefore, 
the mechanical properties measured in this study should not be directly regarded as rep-
resentative of long-term wet service conditions. The primary objective of this study was 
to compare the relative mechanical responses of different structural configurations, joint 
forms, and geometric parameters. As all specimen groups were prepared and tested under 
consistent material and moisture conditions, the main relative comparisons obtained under 
the present laboratory conditions remain valid. Nevertheless, the mechanical performance 
of the materials and structures under higher moisture contents and prolonged immersion 
requires further investigation.
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Table 1. Experimental materials and their main physical and mechanical properties.

Item Parameter Value/Range Test/Measurement Method

Mulberry branch

Diameter 10–12 mm Vernier caliper
Moisture content (dry 

basis) 11.92 ± 0.83% (n = 5) Oven-drying method

Compressive strength 
parallel to the grain

20.49 ± 2.80 MPa
(n = 5)

Axial compression test (GB/T 
1935), Qin [30]

Compressive strength 
perpendicular to the grain 2.30 ± 0.12 MPa (n = 5)

Compression perpendicular to 
the grain test (GB/T 
1939-2009), Li [29]

Shear strength 3.07 ± 0.05 MPa (n = 5) Shear test, following Li [29]

Bending strength 20.08 ± 0.15 MPa
(n = 5)

Three-point bending test 
(GB/T 1936.1-2009), Li [29]

Timber pile Wood species Pine —
Pile diameter 120 mm Vernier caliper

Geotextile Mass per unit area 610 g/m2 Mass/area

Backfill sand

Bulk density 1.575 g/cm3 Mass-volume measurement
Water content, w 0.33% Oven-drying method

Dry-density characteristics
𝜌d  = 1.570 g/cm3 ;

𝜌d ,min  = 1.49 g/cm3 ;
𝜌d ,max  = 1.72 g/cm3 

Achieved dry density 
calculated from bulk density 

and water content; 
minimum/maximum 

dry-density tests

Particle-size distribution 
and characteristic particle 

sizes

0.2–1.0 mm;
D10  = 0.27 mm, D30  = 0.38 

mm, D50  = 0.48 mm, 
D60  = 0.54 mm; Cu = 2.00, 

Cc = 0.99

Sieve analysis

Soil classification SP (poorly graded sand) USCS classification based on 
particle-size distribution

Internal friction
angle, 𝜑 32° Direct shear test

According to the requirements of each structural configuration, the screened mulberry 
branches were fabricated into mulberry branch bundles. The branches were placed longitu-
dinally in a rectangular mold, compacted, and tied to form individual bundles. Multiple 
bundles were then stacked vertically and connected to bamboo rods arranged along the 
height direction to form an integrated unit. The ends of the bundles were subsequently cut 
into different shapes according to the geometric requirements of the corresponding config-
urations. Specimens of different configurations were fabricated using mulberry branches 
from the same batch, while the branch diameter range, bundle cross-sectional dimensions, 
amount of mulberry branch material, and bundling method were kept essentially consistent 
to ensure comparability among specimens.

The timber piles served as the end supports of the mulberry branch bundle struc-
tures. Their dimensions, spacing, and installation method were kept consistent within each 
comparative test series.

2.2. Overall Experimental Design and Similarity Considerations
A combination of scaled-model tests and local prototype-scale tests was adopted in 

this study. The staged model-box loading tests, rise-direction compression tests of the basic 
configurations, and validation tests of the optimized HA joints were conducted using scaled 
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specimens with a prototype-to-model geometric scale ratio of 1.6:1. This scaling relationship 
satisfied geometric similarity only, rather than material or load similarity. Therefore, the 
staged model-box tests were used to compare deformation and load-transfer responses 
under distributed backfill and surcharge loading, whereas the rise-direction compression 
tests were used to compare the relative compression response and failure characteristics 
under localized crown loading. The measured peak loads were treated only as comparative 
compression-test indices and were not directly interpreted as the field load-bearing capacity 
of the revetment.

Because material and load similitude were not established, the scaled specimens do not 
reproduce the prototype stress state in a strict similitude sense. In particular, the material 
stiffness and strength were not scaled, the relative contribution of self-weight was altered 
by geometric scaling, and the normal stress levels governing bundle compaction, interfacial 
friction, and joint restraint may differ from those in the prototype. Consequently, the 
absolute load-bearing capacity, stiffness, and displacement measured in the scaled tests are 
scale-dependent and cannot be directly extrapolated to a full-scale revetment. However, 
within each comparative test series, the material source, fabrication procedure, support 
conditions, loading method, and geometric scale were kept consistent. The scaled tests were 
therefore used only for controlled relative comparisons among configurations and joint 
conditions and for identifying differences in deformation and load-transfer characteristics.

The rise-to-span ratio tests were conducted using local prototype-scale specimens. 
The in-plane arch dimensions, mulberry branch bundle cross-section, connection details, 
and support configuration were constructed at prototype scale, while a representative 
200 mm-high structural segment was used along the revetment height. Accordingly, these 
tests were intended to compare the relative load-bearing and deformation responses at 
different rise-to-span ratios rather than the absolute load-bearing capacity of the complete 
revetment structure.

The experimental program comprised comparisons of the basic configurations, vali-
dation of the optimized HA joints, and tests at different rise-to-span ratios, as detailed in 
Sections 2.4–2.7. Three independent replicate specimens were tested for each condition, and 
the mean, sample standard deviation, and coefficient of variation (CV) were reported. These 
replicates were used to assess repeatability and within-group variability under consistent 
test conditions. Given the limited sample size and inherent variability of natural mulberry 
branches, no statistical significance testing or population-level inference was performed. 
Individual replicate results were also presented to show the observed experimental scatter. 
Although branches from the same batch were screened for diameter and visible defects and 
the fabrication conditions were kept consistent, residual natural variability in the branch 
material may still contribute to the observed intra-group scatter in load-bearing and de-
formation responses. Therefore, the reported variability is considered when interpreting 
the relative differences among the tested configurations. The CV was used only to describe 
relative intra-group variability. For data with mean values close to zero, variability was 
characterized primarily using the mean and sample standard deviation.

2.3. Basic Structural Configurations
To compare the mechanical responses of the conventional straight revetment, the 

existing mulberry branch bundle arch system and the improved mulberry branch bundle 
arch configurations, four basic structural configurations were considered: the vertical 
straight configuration (VS), vertical mulberry branch bundle arch configuration (VA), 
horizontal mulberry branch bundle arch configuration (HA), and combined horizontal-
vertical mulberry branch bundle arch configuration (CA), as illustrated in Figure 2.
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(a) Vertical straight configuration (VS) (b) Vertical mulberry branch bundle arch configuration (VA) 

  
(c) Horizontal mulberry branch bundle arch configuration 

(HA) 
(d) Combined horizontal-vertical mulberry branch bundle arch con-

figuration (CA) 

Figure 2. Schematic illustrations of the four basic revetment configurations.

VS consisted of mulberry branches arranged vertically along the structural height 
and tied to one another to form a flat retaining surface, representing the basic mechanical 
response of a straight flexible revetment. The VA configuration was based on the mulberry 
branch bundle arch proposed by Hua et al. [22], in which vertically arranged mulberry 
branches were bundled into a planar arch to represent the deformation and load-bearing 
behavior of the existing mulberry branch bundle arch structure. In the HA configuration, 
the branch arrangement was reoriented such that the branches were continuously aligned 
along the arch axis and tied into small horizontal bundles, with each bundle secured by 
two nylon cable ties. During bundling, a thin-film pressure sensor (Guangzhou Ruiboyi 
Electronic Technology, Guangzhou, China) with a 50 kg measuring range was temporarily 
placed between the nylon cable tie (Yueqing Xike Plastic Co., Ltd., Wenzhou, China) and 
the bundle surface. The ties were gradually tightened until the branches were in close 
contact without noticeable looseness and the sensor-indicated equivalent force reached 
approximately 80–120 N, which was used as a semiquantitative criterion to maintain a 
comparable tightening level among specimens. Several small bundles were subsequently 
stacked along the structural height and connected with bamboo rods to form an integrated 
horizontal mulberry branch bundle. This arrangement improved the alignment between 
the longitudinal direction of the branches and the arch-type load-transfer direction, making 
better use of the relatively high compressive strength of woody branches parallel to the 
grain. The CA configuration was developed from HA by introducing cylindrical vertical 
mulberry branch bundles as intermediate joints. Contact between the horizontal mulberry 
branch bundles and the vertical joints formed a combined horizontal–vertical arch system, 
which was used to investigate the influence of different joint contact configurations on 
structural load-bearing and deformation responses.

All basic-configuration specimens were fabricated as scaled models with a prototype-
to-model geometric scale ratio of approximately 1.6:1. Each arch specimen had a structural 
height of 500 mm, while the two supporting timber piles were 500 mm in length and 
120 mm in diameter, with a center-to-center spacing of 680 mm. The arch-body thickness 
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was 100 mm. In the CA configuration, the cylindrical vertical mulberry branch bundles 
had a diameter of 140 mm. Referring to the geometric configuration adopted in previous 
model tests of mulberry branch bundle arches [29], the VA, HA, and CA arch specimens 
were assigned the same initial rise-to-span ratio, f/L = 0.3, where L denotes the initial span 
between the two springing points, and f denotes the perpendicular distance from the arch 
crown to the line connecting the two springing points. All specimen groups were fabricated 
using mulberry branches from the same batch. Within each comparative test series, the 
structural height, arch-body thickness, approximate material quantity, timber-pile support 
conditions, and loading direction were kept consistent. For all three arch configurations, 
the convex side of the arch faced the simulated backfill, i.e., the earth-facing side, while 
both ends of the arch were supported by timber piles.

After fabrication, the initial span, rise, structural height, bundle thickness, and speci-
men mass were measured, and the bundling condition of the mulberry branch bundles and 
the integrity of the joint connections were inspected. Except for the joints and connection 
details inherent to each configuration, no additional local reinforcement measures were 
introduced into the basic-configuration specimens, so that the experimental responses 
primarily reflected differences in branch arrangement, arch configuration, and joint form.

2.4. Staged Loading Tests in the Model Box
The staged loading tests in the model box were conducted to compare the deformation 

responses of the different basic configurations under simulated backfill and surface surcharge 
loading. A transparent model box with internal dimensions of 800 mm × 600 mm × 500 mm 
was used. The exterior of the box was reinforced with a steel frame and threaded rods to 
minimize the influence of wall deformation during loading. The specimen was installed 
along one side of the model box, with the timber piles at both ends positioned according to 
the support conditions described in Section 2.3. The overall arrangement of the model box 
and arch structure is shown in Figure 3. Approximately 190 kg of fine sand with a measured 
bulk density of 1.575 g/cm3  was gradually placed into the model box and manually leveled 
until the prescribed filling height of 500 mm, corresponding to the structural height of 
the arch, was reached. The same sand source, filling mass, filling height, and preparation 
procedure were maintained for all model-box tests to ensure consistent backfill conditions.

 

Figure 3. Schematic layout of the model box and arch structure.

A loading plate measuring 640 mm × 200 mm was placed on the top surface of the model 
box, and surface surcharge loads were applied incrementally by adding mass blocks. Each 
loading increment consisted of 80 kg, corresponding to a surface pressure of approximately 
6.125 kPa. Six loading levels were applied, giving cumulative surcharge pressures of 6.125, 
12.250, 18.375, 24.500, 30.625, and 36.750 kPa. Each load level was maintained for 1 h. The 
selected surcharge range and staged increments were intended to provide a progressive 
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quasi-static loading sequence for comparative evaluation, rather than to reproduce a specific 
in situ earth-pressure magnitude or loading history. The 1 h holding period at each level was 
adopted to allow short-term adjustment of the backfill-structure system and to distinguish 
the immediate response from subsequent redistribution under sustained loading. Responses 
were recorded immediately after application of each load level, defined as the initial loading 
state (I), and after 1 h of sustained loading, defined as the end-of-loading state (S). The 
surface surcharge was used to represent the surcharge-induced loading acting on the backfill 
behind a riverbank revetment. The applied vertical surcharge increased the stress level 
within the backfill sand and, through lateral soil deformation and soil-structure interaction, 
generated lateral action on the earth-facing side of the revetment, resulting in horizontal 
deformation and load transfer toward the timber-pile supports. Thus, the staged loading 
reproduced the basic load-transfer path from surface surcharge through the backfill to the 
revetment structure under a controlled quasi-static condition.

Four displacement measurement points were arranged along the specimen height and 
numbered 1–4 from bottom to top. Their distances from the bottom of the model box were 
150, 300, 450, and 500 mm, respectively, as illustrated in Figure 4. Before testing, a local 
coordinate system was established, with the direction of horizontal revetment deformation 
induced by the surcharge load defined as the horizontal displacement direction. The initial 
coordinates of all measurement points were determined using a total station. A Leica TS-02 
total station was used for displacement monitoring, with an angular accuracy of 2″–5″, 
an angular resolution of 0.1″, and a distance-measurement accuracy of approximately 
±2 mm. Based on root-sum-square error propagation for the two coordinate measurements, 
the displacement-measurement uncertainty was estimated to be approximately ±2.8 mm. 
Therefore, differences of only a few millimetres were interpreted cautiously, particularly 
when configuration-dependent deformation differences had not yet fully developed. The 
coordinates were then measured at both the initial loading state (I) and the end-of-loading 
state (S) for each load level. The cumulative horizontal displacement of measurement point 
j under loading level i was calculated as:

Δxi , j  = xi , j − x0, j 

where Δxi , j  is the cumulative horizontal displacement of measurement point j under loading 
level i relative to its initial position, and x0, j  and xi , j  are the coordinates of measurement 
point j before loading and after loading level i, respectively.

 
Figure 4. Schematic arrangement of the horizontal displacement measurement points.

Three independent replicate specimens were tested for each basic configuration. The 
replicate specimens were prepared using mulberry branches and fine sand from the same 
batches, while the specimen dimensions, bundle fabrication procedure, timber-pile support 
conditions, sand-filling method, loading protocol, and measurement-point locations were 
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kept consistent. For data processing, the cumulative horizontal displacements of the three 
replicate specimens were averaged for each configuration, load level, observation time, and 
measurement point, and the sample standard deviation and coefficient of variation were 
calculated to characterize inter-specimen variability. For displacement values with means 
close to zero, where the coefficient of variation can be strongly affected by measurement 
resolution and a small denominator, variability was described primarily using the mean 
and sample standard deviation.

2.5. Rise-Direction Compression Tests of Mulberry Branch Bundle Arches
To compare the compressive responses and failure characteristics of the different basic 

configurations under consistent loading and support conditions, rise-direction compression 
tests were conducted using a large servo-hydraulic testing machine (Hangzhou Bangwei 
Electromechanical Control Engineering Co., Ltd., Hangzhou, China), as shown in Figure 5. 
During testing, the revetment specimen was placed horizontally on the loading platform 
with the convex, earth-facing side of the arch oriented upward. The timber piles on both 
sides were restrained using wooden strips with an isosceles right-triangular cross-section 
and a leg length of 60 mm. The strips were placed on both sides of each timber pile to limit 
lateral movement and rolling during compression, thereby maintaining consistent support 
conditions among the specimen groups.

 

Figure 5. Large servo-hydraulic testing machine.

The load was applied along the rise direction of the arch, from the arch crown toward 
the line connecting the two springing points, as illustrated in Figure 6. Continuous loading 
was applied under displacement control at a rate of 5 mm/min [31,32]. This rate was 
selected with reference to previous displacement-controlled tests of natural woody struc-
tural components and was kept constant for all specimen groups to ensure comparability. 
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Because natural woody materials may exhibit rate-dependent behavior, the results are inter-
preted as comparative responses under this fixed loading rate. The load was transmitted to 
the crown region through a rigid loading head until obvious specimen failure occurred, 
the load-bearing capacity showed a sustained decrease, or the stroke limit of the testing 
machine was reached. Load and displacement were recorded simultaneously throughout 
the test. Continuous photography was also used to document bundle compaction, relative 
branch slip, evolution of the arch geometry, and deformation and failure in the joint and 
support regions.

 

Figure 6. Rise-direction compression test of the mulberry branch bundle arch.

Three independent replicate specimens were tested for each basic configuration. The 
peak load and corresponding peak displacement were extracted individually from each 
specimen, and their mean values, sample standard deviations, and coefficients of variation 
were calculated. In addition, the load–displacement curves of the three replicate specimens 
were presented together with the corresponding mean curve to directly show the inter-
specimen variability. To quantitatively characterize the early post-peak load-bearing stability 
of HA and CA, a post-peak load-retention ratio at 3 mm beyond the peak displacement 
(PLR3mm ) was calculated individually for each specimen as

PL𝑅3mm =
𝑃𝛿𝑝+3

𝑃max
× 100%

where Pmax  is the peak load, 𝛿p  is the corresponding peak displacement, and 𝑃𝛿𝑝+3
 is the 

load measured 3 mm beyond the peak displacement. The 3 mm increment was within 
the common valid early post-peak range of all HA and CA specimens and was used to 
provide a consistent comparison of their early post-peak load retention. The mean PLR3mm 
of the three replicate specimens was used for comparison. In combination with the staged 
model-box loading results described in Section 2.4, the different basic configurations were 
comprehensively evaluated in terms of deformation control, peak compression load, and 
post-peak stability, and the configuration selected for subsequent targeted optimization 
was determined accordingly.
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2.6. Targeted Joint Optimization and Validation Tests of the HA Configuration
Based on the basic-configuration tests, the horizontal mulberry branch bundle arch 

configuration (HA) was selected for targeted joint optimization. In the original HA con-
figuration, the contact end surfaces of adjacent mulberry branch bundles were formed as 
inward-tapered inclined faces, producing mutually fitted trapezoidal contact geometries 
in plan view. This arrangement was intended to provide geometric interlocking between 
adjacent bundles, so that compression increased contact between the inclined faces and 
provided restraint against bundle sliding or disengagement toward the concave side of 
the arch.

Based on observations of joint deformation and contact conditions during the basic-
configuration tests, the mulberry branch bundle joints at the arch shoulders were replaced 
with solid trapezoidal timber joints having more stable cross-sectional geometry, and the 
trapezoidal orientation was reversed. This adjustment allowed the adjacent mulberry branch 
bundles to adopt a more pronounced tapered geometry, with a greater difference between 
the long and short bases, thereby enhancing geometric interlocking and restraint against 
end disengagement.

At the contact regions between the mulberry branch bundles and timber piles, the 
local contact surfaces of the timber piles were machined flat, while the corresponding 
ends of the mulberry branch bundles were also trimmed flat to form more stable contact. 
Geotextile was then placed at the joint interfaces and at the contact interfaces between the 
mulberry branch bundles and timber piles. Restraining nails were installed along the edges 
of both the solid trapezoidal timber joints and the timber piles to provide additional local 
restraint and reduce relative sliding and end disengagement of the mulberry branch bundles. 
Together with the solid trapezoidal timber joints, these measures formed the combined 
joint and support-restraint scheme of the optimized HA configuration. The optimized HA 
configuration and the corresponding joint and interfacial restraint details are illustrated in 
Figure 7.

Figure 7. Schematic illustration of the optimized HA configuration, joint details, and interfacial 
restraint measures.

To evaluate the deformation and support load-transfer characteristics of the optimized 
structure under simulated backfill and surcharge loading, model-box tests were conducted 
using the same model box, sand-filling conditions, loading protocol, and horizontal dis-
placement measurement-point arrangement described in Section 2.4. Three independent 
replicate specimens were tested. Two S-type load cells (Bengbu Sensor System Engineering 
Co., Ltd., Bengbu, China), one at the upper and one at the lower position, were installed on 
the arch-contact side of each supporting timber pile, resulting in four measurement points 
in total. These load cells were used to measure the local support forces transmitted from the 
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mulberry branch bundle arch to the timber piles on both sides. Each load cell had a rated 
capacity of 4.90 kN, a sensitivity of 2.0 ± 0.05 mV/V, and nonlinearity and repeatability of 
±0.03% FS. Prior to testing, the four load cells were calibrated individually, and their output 
signals were converted into force values using the corresponding calibration relationships. 
The lower and upper load cells were positioned approximately 100 mm from the bottom 
and top ends of the timber piles, respectively. When viewed facing the concave side of 
the arch, the four measurement points were designated as lower-left FLL , upper-left FLU , 
upper-right FRU , and lower-right FRL . Local flat surfaces and installation slots matching 
the dimensions of the load cells were machined into the corresponding locations of the 
timber piles. Each load cell was secured within the timber pile using shims and bolts, and 
a steel load-transfer plate was installed on the bundle-loading side so that the load from 
the bundle end was transmitted sequentially through the steel plate and load cell to the 
timber pile, while minimizing bypass load transfer. The load-cell installation was designed 
to minimize disturbance to the original support load-transfer behavior. The load cells had a 
sufficiently large bearing contact area, while adequate timber section was retained around 
the machined slots to maintain the local integrity of the timber piles. In addition, the steel 
load-transfer plates matched the nominal contact area at the bundle-pile interface. Under 
the present loading conditions, the deformation of the timber piles and steel plates was small 
relative to that of the mulberry branch bundle assembly; therefore, the measuring system 
was considered unlikely to materially alter the overall support load-transfer behavior.

After installation of the specimens and load cells, all measurement channels were 
zeroed before sand filling. After the sand had been placed and stabilized, the initial baseline 
force at each measurement point under the self-weight of the sand, F0, k , was recorded. 
To isolate the increment in transferred force induced by the surface surcharge, the net 
transferred force at measurement point k under loading level m was defined as

ΔFm , k  = Fm , k − F0, k 

where Fm , k  is the measured force at measurement point k under surcharge loading level 
m, and F0, k  is the initial baseline force at that point after stabilization of the backfill sand 
and before application of the surface surcharge. The total support-transmitted force at the 
corresponding loading level was defined as

Δ𝐹𝑚,tot = Δ𝐹𝑚,LL + Δ𝐹𝑚,LU + Δ𝐹𝑚,RU + Δ𝐹𝑚,RL

The transferred forces on the left and right sides were calculated separately to evaluate 
load distribution between the two timber-pile supports.

To further determine whether the supports of the optimized HA developed an arch-
type load-transfer state characterized by compressive support, an equivalent eccentric-
compression analysis was conducted on the basis of the support-transmitted force mea-
surements. The center-to-center spacing s between the upper and lower sensors on the 
same side was approximately 300 mm. The equivalent support-section idealization and the 
definitions of the resultant support force, equivalent bending moment, eccentricity, and 
kern are illustrated in Figure 8. At surcharge level m, the resultant support force Nm , r , equiv-
alent bending moment Mm , r , and eccentricity em , r  at support r (r = L, R) were calculated 
as follows:

Nm , r  = ΔFm , rU  + ΔFm , rL 

𝑀𝑚,𝑟 =
|Δ𝐹𝑚,rU − Δ𝐹𝑚,rL|𝑠

2

𝑒𝑚,𝑟 =
𝑀𝑚,𝑟

𝑁𝑚,𝑟
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Figure 8. Schematic illustration of the equivalent support-section idealization for the eccentric-
compression analysis.

The vertical eccentricity ratio of the resultant support force was further defined as:

𝜆𝑧,𝑚,𝑟 =
|𝑒𝑚,𝑟|

ℎ
6

where h = 0.50 m is the nominal height of the contact surface at the end of the mulberry 
branch bundle. The upper and lower force measurements at each support were used to 
derive an equivalent support-section resultant force and bending moment for characterizing 
the overall compressive state at the support end during staged loading. Because the actual 
contact among the natural branch bundles, timber joints, geotextile, and timber piles is 
discrete and geometrically irregular, the local contact-stress distribution is expected to be 
nonuniform. Therefore, the approximately linear contact-stress distribution adopted here 
represents an equivalent sectional idealization. Under this idealization, for the nominal 
rectangular contact section, 𝜆z , m , r ≤ 1 indicates that the resultant support force lies within 
the kern of the section. This analysis is used only to characterize the equivalent support-end 
compressive state and does not resolve the actual local contact-stress distribution or the 
axial-force and bending-moment distributions at internal sections of the arch.

The support-transmitted forces were recorded at the same times as the horizontal 
displacements. The force responses at the initial loading state (I) and end-of-loading state 
(S) of each surcharge level were extracted to compare changes in load transfer during the 
holding period. To evaluate the persistence of the compressive support state during staged 
loading, the vertical eccentricity ratios at the stabilized state (S) of each surcharge level 
were further calculated for both supports. The effect of joint optimization on deformation 
control and sustained load-transfer capacity was evaluated by comparing the horizontal 
displacements before and after optimization together with changes in the individual and 
total support-transmitted forces as the surcharge load increased.

In addition, rise-direction compression tests were conducted on the optimized HA 
specimens using the same specimen installation procedure, loading direction, loading 
rate, and data-processing method described in Section 2.5. Three independent replicate 
specimens were tested. Using the original HA configuration as the reference, the individual 
and mean load–displacement responses, peak load, peak displacement, post-peak load-
bearing behavior, and joint failure mode were compared to evaluate the effects of joint 
optimization on peak compression load and load retention at large deformations.

2.7. Rise-to-Span Ratio Tests of the Optimized HA Configuration
After completion of the targeted joint optimization of the HA configuration, local 

prototype-scale mulberry branch bundle arch specimens were used to investigate the effect 
of rise-to-span ratio on the rise-direction compression response. The specimens were 
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fabricated at prototype scale in the arch plane, while a representative structural segment 
with a height of 200 mm was taken along the timber-pile axis. The supporting timber 
piles were 200 mm in length and 240 mm in diameter. The optimized HA joint design and 
branch-bundle arrangement were retained, while the specimen dimensions and support 
restraints were adapted to the local prototype-scale test configuration.

Three rise-to-span ratios, f /L = 0.2, 0.3, and 0.4, were considered, and the correspond-
ing specimens were designated as R1, R2, and R3, respectively. The detailed geometric 
parameters are listed in Table 2. Three independent replicate specimens were tested for 
each rise-to-span ratio. All specimens, both within and between the different rise-to-span 
ratio groups, were fabricated using mulberry branches from the same batch. The segment 
height along the timber-pile axis, bundle cross-sectional dimensions, joint form, fabrica-
tion method, and support conditions were kept consistent, while the arch rise was varied 
to obtain different rise-to-span ratios. The number of branches was kept approximately 
consistent among the three groups, while their lengths were adjusted to accommodate 
the different arch geometries. This design allowed the influence of arch geometry on the 
structural mechanical response to be comparatively evaluated.

Table 2. Geometric and construction parameters of specimens with different rise-to-span ratios.

Specimen Rise-to-Span 
Ratio, f/L

Span,
L/mm

Rise,
f/mm

Bundle Cross-
Sectional 

Dimensions
/mm

Pile Diame-
ter/mm

Trapezoidal Joint 
Cross-Sectional 

Dimensions/mm (Top Base 
× Bottom Base × Height)

R1 0.2
1100

220
150 × 200 240 45 × 85 × 180R2 0.3 330

R3 0.4 440

The loading direction and displacement-control procedure were consistent with those 
described in Section 2.5, whereas the timber-pile restraint was adapted to the local prototype-
scale specimens. The timber piles were restrained by a steel limiting frame with an internal 
length of 1340 mm, with vertical end plates reinforced by external triangular stiffeners to 
limit outward movement of the supports during compression. The load was applied along 
the rise direction of the arch under displacement control at a constant rate of 5 mm/min 
until obvious specimen failure occurred or the post-peak load showed a sustained decrease. 
Load and displacement were recorded simultaneously throughout the test. Continuous 
observations were also made to document bundle compaction, relative branch slip, joint 
deformation, end slip, and the overall failure process.

For data processing, the load–displacement curves of the three replicate specimens 
with the same rise-to-span ratio were presented together with the corresponding mean 
curve to directly show the inter-specimen variability. For peak-value statistics, the peak 
load and corresponding peak displacement were extracted independently from the original 
load-displacement curve of each replicate specimen, after which the mean, sample standard 
deviation, and coefficient of variation were calculated.

The peak load, peak displacement, post-peak load-bearing characteristics, and fail-
ure mode were used as the primary evaluation indices to compare the load-bearing and 
deformation responses of the mulberry branch bundle arches with different rise-to-span 
ratios. On this basis, an empirically preferred rise-to-span ratio was identified within the 
experimental conditions and the range investigated in this study.
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3. Results
3.1. Compression Response and Failure Characteristics Under Rise-Direction Compression

Figure 9 presents the load-midspan displacement responses of the four basic configu-
rations under rise-direction compression. The thin lines represent the individual responses 
of the three replicate specimens, whereas the thick solid lines represent the correspond-
ing mean responses. Clear differences were observed among the configurations in peak 
compression load and post-peak response.

 

Figure 9. Load-midspan displacement responses of the four basic configurations under rise-direction 
compression.

The mean peak loads of VS, VA, HA, and CA were 0.107 ± 0.011, 0.775 ± 0.051, 
4.807 ± 0.282, and 5.384 ± 0.355 kN, respectively, with corresponding CVs of 10.01%, 6.62%, 
5.87%, and 6.59%. CA exhibited the highest mean peak load, approximately 12.0% higher 
than that of HA, with a mean peak displacement of approximately 88 mm. However, its 
load decreased rapidly after the peak, accompanied primarily by component rotation in the 
joint region, bundle-end sliding, and contact degradation.

HA exhibited a lower mean peak load than CA, with a mean peak displacement of 
approximately 76 mm, but maintained contact between the central horizontal mulberry 
branch bundle and the trapezoidal joints over a relatively large deformation range. Its post-
peak response was characterized by intra-bundle branch slip, compaction, and joint cross-
sectional distortion, resulting in a gradual and fluctuating decline in load after the peak.

The mean peak loads of VS and VA were substantially lower than those of HA and CA. 
VS exhibited the lowest mean peak load, and its compression response depended primarily 
on the mutual connection and restraint between the vertically arranged branches. The mean 
peak load of VA was higher than that of VS; during loading, VA was characterized mainly 
by branch bending, compaction, and adjustment of the arch configuration.

The mean PLR3mm  values of HA and CA were 95.93% and 66.95%, respectively, indi-
cating greater early post-peak load retention for HA.

3.2. Deformation Response Under Staged Loading
Figure 10 presents the cumulative horizontal displacement responses at the four mea-

surement points for the basic configurations under staged surface surcharge loading, in-
cluding both the initial loading state (I) and the end-of-loading state (S) at each load level. 
Three independent replicate specimens were tested for each configuration, and the curves 
represent the mean responses of the three replicates at the same load level, observation 
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time, and measurement point. Overall, the cumulative horizontal displacement increased 
with increasing surcharge load for all configurations, although substantial differences were 
observed in displacement magnitude and its distribution along the structural height. Mea-
surement points 1–4 were arranged from bottom to top along the revetment height.

Figure 10. Cumulative horizontal displacement responses of the four basic configurations under 
staged surcharge loading.

At the end of the final surcharge loading stage, the mean cumulative horizontal dis-
placements at measurement points 1–4 of the VS configuration were approximately 6.5, 
5.1, 3.8, and 3.1 cm, respectively, showing an overall decrease with increasing measure-
ment height. For the VA configuration, the corresponding mean cumulative horizontal 
displacements were approximately 5.9, 4.6, 5.3, and 5.5 cm, respectively. Relatively large 
deformations occurred at all measurement heights, with no clear monotonic trend along 
the structural height.

In contrast, the HA and CA configurations generally exhibited smaller cumulative 
horizontal displacements at all surcharge levels. Under the same final loading condition, the 
mean cumulative horizontal displacements at measurement points 1–4 of the HA configura-
tion were approximately 1.2, 1.2, 0.5, and 0.6 cm, respectively, which were the lowest among 
the four basic configurations. The corresponding values for the CA configuration were 
approximately 2.4, 1.8, 1.2, and 1.0 cm, respectively, with displacement generally decreasing 
with increasing measurement height.
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The three replicate specimens showed generally consistent displacement-development 
trends. At the end of the final loading stage, the sample standard deviations of the displace-
ments at the four measurement points were 0.15–0.30 cm for VS, 0.45–0.60 cm for VA, no 
greater than 0.06 cm for HA, and 0.06–0.15 cm for CA. The corresponding coefficients of 
variation were 3.9–5.3%, 9.4–10.9%, no greater than 5.0%, and 5.6–8.3%, respectively. In 
relative terms, inter-specimen variability was generally smaller for HA and VS, followed by 
CA, while VA exhibited comparatively greater variability.

Considering the staged model-box loading and rise-direction compression results 
together, CA exhibited a slightly higher peak compression load than HA, but its mean peak 
load was only approximately 12.0% higher. In contrast, HA exhibited the lowest cumulative 
horizontal displacement in the model-box tests and a higher mean early post-peak load-
retention ratio (PLR3mm  = 95.93%) than CA (66.95%). Considering peak compression load, 
horizontal deformation control, and early post-peak load retention, HA was selected for 
subsequent targeted joint optimization.

3.3. Load-Bearing, Deformation, and Load-Transfer Responses of the Optimized HA
Figure 11 presents the responses of the original and optimized HA configurations 

obtained from the rise-direction compression tests, staged model-box loading tests, and 
support-transmitted force measurements. In Figure 11a, the thin lines represent the individ-
ual responses of the three replicate specimens, whereas the thick solid lines represent the 
corresponding mean responses. In the rise-direction compression tests, the optimized HA 
exhibited a mean peak load of 6.103 ± 0.336 kN, a CV of 5.51%, and a mean peak displace-
ment of approximately 89 mm. Relative to the original HA, the mean peak load increased 
from 4.807 to 6.103 kN, corresponding to an increase of approximately 26.96%, while the 
mean peak displacement increased from approximately 76 to 89 mm. The optimized HA 
retained a progressive, fluctuating post-peak response, and its mean load at a displacement 
of 120 mm remained approximately 4.038 kN, corresponding to 66.16% of the mean peak 
load. During loading, visual observations showed that the solid trapezoidal timber joints 
maintained relatively stable cross-sectional geometry and sustained contact with the central 
mulberry branch bundle.

The model-box tests showed that the optimized HA retained a deformation-development 
pattern similar to that of the original HA, while the cumulative horizontal displacement at 
every measurement height decreased. At the end of the final surcharge loading stage 
of 36.75 kPa, the cumulative horizontal displacements of the optimized HA were ap-
proximately 14.3–16.7% lower than those of the original HA, indicating that joint opti-
mization further improved horizontal deformation control without changing the overall 
deformation mode.

After subtraction of the initial baseline forces associated with the stabilized backfill 
sand, the support-transmitted force increments at the individual measurement points 
and the total transmitted force generally increased with increasing surcharge load and 
remained positive at the end of each loading stage. During the holding period, the total 
transmitted force decreased by approximately 4.0–12.2% relative to the initial loading state, 
indicating some load redistribution caused by sand rearrangement, bundle compaction, 
and adjustment of joint contact, while load transfer to the timber piles on both sides re-
mained continuous. At the stabilized stage of the final surcharge load of 36.75 kPa, the 
mean support-transmitted forces on the left and right sides were approximately 748.77 and 
762.87 N, accounting for 49.5% and 50.5% of the total measured support-transmitted force, 
respectively, indicating a nearly balanced distribution between the two supports. Only part 
of the surcharge-induced action was transmitted to the instrumented supports, while the 
sand mass and model-box boundaries also participated in resisting and redistributing the 
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applied load. Therefore, the measured support forces characterize the load transfer at the 
instrumented supports rather than the complete force balance of the model-box system. 
As shown in Figure 11d, the vertical eccentricity ratios of both supports remained below 
1 throughout all six surcharge levels at the stabilized state. At the final surcharge level of 
36.75 kPa, the eccentricity ratios of the left and right supports were 0.62 and 0.70, respec-
tively. This indicates that the resultant forces at both supports remained within the kerns of 
the nominal contact sections throughout the staged loading process, corresponding to a 
persistent equivalent compressive support state under the adopted sectional idealization. 
Together with the increase in support-transmitted forces on both sides, these results provide 
support-level experimental evidence of stable bilateral compressive support and arch-type 
load transfer during loading. This analysis characterizes the equivalent compressive load-
transfer state at the support ends and does not directly represent the axial force or bending 
moment distribution at internal sections of the arch.

 

Figure 11. Compressive load-bearing, deformation, support load-transfer, and equivalent eccentric-
compression responses of the optimized HA configuration.

3.4. Effect of Rise-to-Span Ratio on the Rise-Direction Compression Response
Figure 12 presents the load-midspan displacement responses of specimens R1–R3 

under rise-direction compression. The thin lines represent the individual responses of 
the three replicate specimens, whereas the thick solid lines represent the corresponding 
mean responses. All three groups exhibited successive stages of load increase, peak load-
bearing, and fluctuating post-peak degradation, but differed substantially in peak load, 
peak displacement, and post-peak behavior.
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Figure 12. Load-midspan displacement responses of specimens with different rise-to-span ratios 
under rise-direction compression.

The mean peak loads of R1, R2, and R3 were 4.487 ± 0.238, 6.917 ± 0.279, and 
2.260 ± 0.172 kN, respectively, with corresponding CVs of 5.30%, 4.03%, and 7.62%. Their 
mean peak displacements were approximately 49.7, 72.2, and 44.5 mm, respectively. R2 
exhibited both the highest peak load and the largest peak displacement and maintained a 
relatively high load-bearing level after the peak. R1 showed a gradual fluctuating post-peak 
decline, whereas R3 exhibited a more rapid reduction in load and entered a relatively low 
residual load-bearing stage at an earlier displacement.

As the rise-to-span ratio increased from 0.2 to 0.3, the mean peak load increased from 
4.487 to 6.917 kN, corresponding to an increase of approximately 54.2%. When the ratio 
was further increased to 0.4, the mean peak load decreased to 2.260 kN. The compression 
response therefore exhibited a clear non-monotonic dependence on the rise-to-span ratio. 
Under the present span, bundle cross-sectional dimensions, joint configuration, and support 
conditions, f /L = 0.3 exhibited the most favorable overall mechanical response among the 
three tested ratios of 0.2, 0.3, and 0.4. Accordingly, 0.3 should be regarded as an empirically 
preferred value within the investigated range and under the present experimental conditions, 
rather than as a generally applicable design optimum.

4. Discussion
4.1. Effect of Structural Configuration on Deformation and Compression Behavior

Considering the results of both the staged model-box loading tests and the rise-direction 
compression tests, the HA and CA configurations, in which the mulberry branch bundles 
were arranged horizontally along the arch axis, generally exhibited better horizontal de-
formation control and more favorable compression responses than the vertically arranged 
configurations. Compared with the vertical arrangement, the longitudinal direction of the 
horizontal mulberry branch bundles was better aligned with the arch-type load-transfer 
direction, which was mechanically favorable for compression-dominated load transfer 
along the arch axis through inter-component contact, thereby contributing to improved 
deformation control under simulated backfill loading.

However, smaller horizontal deformation did not necessarily correspond to a higher 
peak compression load. CA showed a higher peak compression load but a more rapid post-
peak decline, whereas HA maintained inter-component contact over a larger deformation 
range and exhibited a more gradual post-peak response. These results suggest that the 
differences in compression response and post-peak load retention among the four configu-
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rations reflect the combined effects of branch orientation, bundle arrangement, joint contact 
geometry, and restraint conditions, rather than the isolated effect of branch orientation.

4.2. Joint Failure Mechanism and Optimization Effects
The differences in the post-peak responses of CA and HA indicate that joint cross-

sectional stability, contact geometry, and interfacial restraint conditions are important factors 
governing the post-peak load-bearing behavior of mulberry branch bundle arches. For CA, 
the load-displacement response in Figure 9 shows a relatively high peak load followed by a 
rapid post-peak reduction. Comparison of the photographs before and after compression in 
Figure 13a,b shows pronounced component rotation in the joint region and disengagement 
of the right-side mulberry branch bundle from its original contact position. These directly 
observed failure features suggest that progressive rotation and end sliding altered the joint 
contact geometry and likely reduced the effective contact area and interfacial restraint. Once 
the bundle end disengaged from the timber-pile support, continuity of the arch-type load-
transfer path was disrupted, which is consistent with the rapid post-peak load reduction 
observed in Figure 9.

  
(a) CA before compression (b) CA after compression 

  
(c) HA before compression (d) HA after compression 

Figure 13. Comparison of CA and HA configurations before and after compression.

In contrast, visual observations during the HA tests showed intra-bundle branch slip, 
compaction, and progressive distortion of the trapezoidal bundle joints. Comparison of 
Figure 13c,d further shows that, despite the joint distortion after compression, overlap-
ping contact among the horizontal mulberry branch bundles, joints, and timber piles was 
still maintained without abrupt bundle-end disengagement. Correspondingly, the load–
displacement response in Figure 9 shows a gradual and fluctuating post-peak decline rather 
than the abrupt load reduction observed for CA. Taken together, these observations suggest 
that the joint contact state deteriorated progressively through cross-sectional distortion, 
branch rearrangement, and interfacial contact changes, rather than through a sudden loss of 
support. This interpretation is also consistent with the higher early post-peak load-retention 
capacity observed for HA.

To address the failure characteristics described above, the optimized HA configuration 
employed solid trapezoidal timber joints to replace the original mulberry branch bundle 
joints. Geotextile and restraining nails were also introduced at the joint interfaces and 
the bundle-timber pile contact interfaces, forming a composite restraint system combining 
geometric stabilization of the joints, interfacial restraint, and mechanical confinement. 
Compared with the original bundle joints, the more stable cross-sectional geometry of 
the solid timber joints was intended to reduce distortion associated with intra-bundle 
branch slip and compaction. The geotextile and restraining nails may further improve the 
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restraint conditions at the irregular contact interfaces and restrict continued sliding and 
end disengagement, thereby jointly enhancing joint contact stability.

Mechanically, the higher peak compression load is consistent with reduced joint dis-
tortion and more persistent inter-component contact. Contact surface flattening may have 
improved contact stability, while geotextile and restraining nails may have limited rel-
ative sliding; changes in effective contact area and local stress concentration were not 
directly measured. The equivalent eccentric-compression analysis showed that the vertical 
eccentricity ratios at both supports remained below 1 throughout the staged loading pro-
cess. Together with the simultaneous increase and relatively balanced distribution of the 
support-transmitted forces on both sides, this indicates that the surcharge-induced action 
was transferred through the mulberry branch bundle assembly toward both timber-pile 
supports while maintaining an equivalent compressive state at the support ends. Such a 
bilateral compressive force path is mechanically consistent with arch-type support load 
transfer. However, this interpretation is based on the support-end force state and does not 
directly determine the internal axial-force or bending-moment distributions within the arch. 
The observed improvement reflects the overall effect of the combined joint-optimization 
scheme, including the solid trapezoidal timber joints, contact surface flattening, geotextile 
interfaces, and restraining nails. The individual contributions of these modifications were 
not separately evaluated in this study.

4.3. Mechanical Interpretation of the Rise-to-Span Ratio Effect
The rise-to-span ratio affects arch-axis curvature, support-reaction demand, and load-

transfer characteristics and is therefore an important geometric parameter governing arch 
behavior [33,34]. Previous studies have shown that arch geometry and end-restraint con-
ditions jointly influence structural load-bearing and deformation responses [25,26]. An 
appropriate rise-to-span ratio therefore reflects a balance among arch-type load transfer, 
support-restraint demand, and local bending or rotational effects [24].

The non-monotonic response with rise-to-span ratio suggests that arch geometry 
governs a balance among support-restraint demand, load-path continuity, and local joint 
deformation. At f /L = 0.2, the relatively shallow arch may require greater spanwise support 
thrust to maintain the compressive load-transfer path. The associated increase in end-
restraint demand, together with the limited geometric capacity of the shallow arch to 
accommodate rise-direction deformation, may promote arch flattening, end sliding, intra-
bundle branch slip, and joint-contact rearrangement. Previous studies have likewise shown 
that arch behavior is sensitive to end-restraint conditions [35]. At f /L = 0.3, the moderate 
curvature may provide a more favorable balance between support demand and arch-type 
load transfer. In contrast, at f /L = 0.4, the larger curvature may lead to a greater change 
in orientation between adjacent components, requiring more pronounced redirection of 
the compressive load path at the joints. This may increase the demand for rotational 
restraint and stable interfacial contact. Under the present joint-restraint scheme, such 
increased demand may promote relative component rotation, localized contact, contact 
rearrangement, and local sliding, thereby reducing the effective contact area and weakening 
coordinated load-bearing behavior.

It should be noted that arch-support reactions were not monitored simultaneously for 
specimens with different rise-to-span ratios. The above interpretations should therefore 
be regarded as inferences based on the experimental responses and classical arch theory 
rather than direct measurements of the internal force state. In addition, because mulberry 
branch bundles are formed through bundling, friction, and contact, their responses are 
also affected by intra-bundle slip, contact rearrangement, and joint deformation. Classical 
arch theory can therefore provide only a qualitative framework for interpretation. Because 
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the number of branches was kept approximately consistent while branch length varied 
with arch geometry, the measured compression responses reflect the overall mechanical 
behavior of the corresponding rise-to-span configurations. Accordingly, f /L = 0.3 should be 
regarded as an empirically preferred value within the investigated range under the present 
span, component dimensions, joint configuration, and support conditions, rather than as a 
generally applicable design optimum.

4.4. Potential Engineering Applications and Practical Considerations
Before considering practical application, it should be noted that hydrodynamic ac-

tions, long-term environmental degradation, and full-scale field performance were not 
evaluated in the present study. Based on the structural configuration and mechanical 
responses observed in this study, the proposed mulberry branch bundle arch revetment 
should presently be regarded as a potential engineering application concept rather than an 
established engineering solution. Its potential application may be further explored for small- 
and medium-sized riverbanks with limited bank space and relatively mild hydrodynamic 
conditions. The optimized horizontal mulberry branch bundle arch may serve as a retaining 
component between spaced timber piles, potentially reducing the need for continuous 
timber-pile arrangements while providing a relatively continuous load-transfer path. How-
ever, the applicable range of the system cannot be defined from the present laboratory 
tests and requires further verification under representative hydrodynamic, geological, and 
long-term service conditions.

Several practical design issues remain to be addressed before field application. These 
include the expected service life and degradation behavior of mulberry branch bundles 
under prolonged moisture exposure and biodegradation; the long-term durability of the 
timber piles, geotextile, and joint-restraint components; structural resistance under flow, 
waves, and fluctuating water-level actions; local scour around the timber piles and its 
influence on support stability; the soil-retention capacity of the porous branch-bundle 
structure and the need for appropriate filtration or geotextile measures to prevent soil loss; 
and the inspection, maintenance, and replacement requirements of degradable or damaged 
components. These issues require further evaluation through long-term material testing, 
hydraulic and scour experiments, and full-scale field monitoring.

A construction procedure involving component prefabrication, on-site assembly, and 
layered backfilling may be adopted to improve fabrication consistency and reduce waterside 
construction work. As a renewable pruning residue, mulberry branches also offer potential 
for biomass resource utilization. Previous studies have shown that woody materials and 
branch-based structures used in river restoration can provide potential ecological benefits 
by increasing habitat complexity and providing surfaces and interstitial spaces for aquatic 
organisms [36–39]. Accordingly, the porous mulberry branch-bundle structure may offer 
similar ecological potential. However, these ecological functions were not evaluated in 
the present study and should therefore be regarded as potential advantages rather than 
experimentally demonstrated outcomes.

4.5. Limitations and Future Work
This study has several limitations. The model-box tests and local prototype-scale tests 

were primarily intended for relative comparisons among different configurations, joint 
forms, and rise-to-span ratios, and full-scale field validation has not yet been conducted. 
The finite dimensions of the model box and friction between the backfill sand and the 
side walls may have affected stress redistribution and lateral deformation. Although the 
external steel frame and threaded rods limited wall deformation, wall friction and associated 
boundary effects were not independently quantified. Moreover, the finite loading plate and 
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simplified laboratory boundary conditions could not fully reproduce the spatial distribution 
and stress history of in-situ earth pressure or the pile-soil interaction in field conditions. In 
the rise-direction compression tests, the restrained timber-pile supports provided consistent 
boundary conditions, whereas field piles are continuously restrained by the surrounding 
soil but may still undergo some translation and rotation because of the finite stiffness of the 
pile-soil system, which may influence the peak compression load and post-peak response.

Support-transmitted force monitoring was used to assess the compressive load-transfer 
state at the supports of the optimized HA. However, the present uniaxial force measurements 
cannot determine the two-dimensional support reactions, the actual load distribution on the 
earth-facing surface, or the internal axial-force and bending-moment distributions within 
the arch. The present results should therefore be regarded as support-level indirect evidence 
of arch-type load transfer rather than a direct measurement of the internal force-transfer 
process. In addition, because only two vertically separated force measurements were used 
at each support and the actual contact interfaces are discrete and geometrically irregular, 
the equivalent sectional analysis cannot resolve the actual nonuniform contact-pressure 
distribution or detailed interfacial stress field. Only three rise-to-span ratios, 0.2, 0.3, and 
0.4, were investigated, and the corresponding arch-support reactions were not monitored 
simultaneously. Furthermore, the joint optimization in this study was implemented as a 
combined scheme. Because no single-factor control tests were conducted, the present results 
reflect only the overall effect of the combined optimization, and the individual contribution 
of each modification cannot be quantitatively distinguished.

The present experiments also focused mainly on static mechanical responses and did 
not investigate hydrodynamic loading, scour, wetting-drying cycles, long-term immersion, 
durability, biodegradation, or full-scale field performance. Therefore, the practical applica-
bility of the proposed revetment should be regarded as preliminary until its long-term be-
havior and field performance are further validated under representative service conditions.

Future work should incorporate full-scale field tests, hydrodynamic and scour tests, 
and long-term environmental exposure tests. Single-factor joint optimization tests, mea-
surements of arch-support reactions, and numerical analyses are also needed to further 
clarify the internal load-transfer mechanisms and provide a basis for parametric design and 
engineering application.

5. Conclusions
1. The staged model-box loading tests showed that HA exhibited the smallest cumulative 

horizontal deformation among the four basic configurations. At the final surcharge 
load of 36.75 kPa, its cumulative horizontal displacements ranged from 0.5 to 1.2 cm 
across the four measurement points.

2. Under rise-direction compression, CA exhibited a 12.0% higher mean peak com-
pression load than HA, whereas HA showed greater early post-peak load retention 
(PLR3mm  = 95.93% compared with 66.95% for CA). Considering these responses to-
gether with the model-box deformation results, HA was selected for subsequent 
joint optimization.

3. The combined joint optimization reduced the cumulative horizontal displacement of 
HA by 14.3–16.7% and increased its mean peak compression load by 26.96%, while 
improving load retention at large deformations. The individual contributions of these 
modifications were not separately evaluated in this study. The support-force mea-
surements and equivalent eccentric-compression analysis further indicated relatively 
stable bilateral compression at the supports, with the resultant forces remaining within 
the nominal kerns throughout staged loading. This support-level force state was 
mechanically consistent with arch-type load transfer.
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4. The compression response varied non-monotonically with rise-to-span ratio. Among 
the three tested ratios of 0.2, 0.3, and 0.4, the ratio of 0.3 exhibited the most favorable 
overall mechanical response under the present experimental conditions.
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