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Study on tensile properties of
Hippophae rhamnoides roots
and prediction model of chemical
composition in tailing areas

Qingchao Yang?, Zhe Hao?**, Xinxin Cao?, Wenjing Cheng?, Xiao ming Wang?, Da Teng? &
Dongxu Yang?

This study aims to investigate the correlation between tensile mechanical properties and chemical
composition of Hippophae rhamnoides roots at different growth stages within tailings dam restoration
areas, and to establish predictive models. 1-year-old, 4-year-old, and 10-year-old H. rhamnoides root
systems were selected as study subjects. Through single-root tensile tests and chemical composition
analysis, principal component parameters were extracted using partial least squares regression (PLSR).
Combined with support vector machine (SVM) for dimensionality reduction training, a PLSR-SVM
prediction model was constructed. Accuracy comparison analysis was conducted on four different
prediction models.Analysis of the correlation between tensile properties and chemical composition,
along with model predictions, indicates: (1) Relationship between tensile properties and age: Both

the average tensile force and tensile strength of H. rhamnoides root exhibit a decreasing trend with
increasing age. Regarding size effects, root tensile force follows a power-law growth pattern with
increasing root diameter, while tensile strength demonstrates a power-law decay characteristic.
Distinct elastic-plastic characteristics are evident in individual root stress-strain curves. Root

diameter at different ages shows a negative correlation with ultimate stress, independent of strain.

(2) Correlation between tensile properties and chemical composition: The tensile strength of H.
rhamnoides at different ages was significantly negatively correlated with lignin content and highly
significantly positively correlated with root diameter; the tensile strength was significantly positively
correlated with lignin content and highly significantly negatively correlated with root diameter. The
tensile properties of H. rhamnoides at different ages were significantly different from each component
of the root system, and the single chemical component content could not fully explain the size effect
between root diameter and tensile properties. (3) Predictive performance of models linking tensile
properties to chemical composition: The PLSR-SVM model demonstrated optimal overall performance
in predicting tensile properties, with the evaluated error metrics significantly outperforming traditional
the principal component analysis (PCA) model, the back propagation neural network (BP) model, the
PLSR model, and the SVM model.

Hippophae rhamnoides, a typical drought-tolerant shrub of the Elaeagnaceae family in China’s arid regions,
possesses advantages of cold resistance, drought tolerance, and adaptability to infertile soils. Its dense thickets,
extensive root systems, and strong ability to produce suckers play a vital role in ecological projects such as soil
and water conservation and slope stabilisation2. Globally, there are over 200,000 tailings ponds, with China
alone hosting approximately 12,000 such facilities, accumulating a staggering two billion tonnes of tailings®.
Tailings exhibit distinctive properties including poor particle grading, low water retention capacity, and high
heavy metal toxicity. These characteristics constrain plant root growth and suppress microbial activity, rendering
ecological stabilisation outcomes difficult to predict. Consequently, research into tailings ecological remediation
presents a natural challenge for geotechnical and mine restoration practitioners. As a prototypical pioneer
species for tailings ecological restoration, H. rhamnoides has found extensive application in slope protection and
soil improvement projects within tailings pond environments.
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Plant root systems play a pivotal role in restoring soil structure within tailings areas**, enhancing both soil
stability® and slope stability®. When soil is disturbed, plant roots convert shear stress, thereby demonstrating
their tensile properties’. Research indicates that the tensile mechanical properties of roots are influenced by
plant chemical composition’~. Consequently, investigating the correlation between the tensile characteristics of
plant roots in tailings areas and their chemical constituents has emerged as a research focus at the intersection
of plant physiology, plant mechanics, and biochemistry. Huang et al.!® proposed that the cellulose and lignin
ratios in herbaceous plants within landslide-prone areas significantly impact root mechanical properties.Hu
et al.!! discovered significant differences in cellulose content between primary and lateral root segments, with
a correlation to tensile properties. Genet!? categorised roots into coarse and fine types, observing distinct
mechanical properties between them, with higher cellulose content in fine roots.Soippa et al.!*> and Zhang et
al.!* established that lignin within root chemistry exerts the most pronounced effect on root tensile strength.
However, few studies have addressed the mechanisms linking root diameter, chemical composition, and tensile
properties in plants growing in tailings areas. Particularly scarce are reports on predictive models correlating
tensile characteristics with chemical composition.

The advancement of computing has facilitated the application of intelligent predictive models in geotechnical
engineering and ecological restoration, with nonlinear fitting and multidimensional computation providing
enhanced predictive capabilities!>!®. However, different models possess distinct advantages and disadvantages.
Wan et al.'” employed the back propagation neural network (BP) for nonlinear training of concrete fibre content
factors. Yet, the presence of multicollinearity within the sample led to issues such as relatively high relative errors
in predicting concrete mechanical properties'®. Mao et al.'” employed principal component analysis (PCA) to
investigate the distribution characteristics, source identification, and ecological risk factors of eight extracted
heavy metals, subsequently applying positive matrix factorisation (PMF) to address PCA’s limitations in spatial
heterogeneity®. Bin?! employed partial least squares regression (PLSR) to address multicollinearity issues in
loess slope stability factors. However, the model exhibited limited nonlinear convergence capability between
variables and slope safety factors, thereby compromising stability assessment accuracy. Yang et al.?2 employed
support vector machines (SVM) to analyse nonlinear residual sequences of dam deformation data. While capable
of handling nonlinear relationships, the model failed to account for causal relationships between environmental
variables and effect quantities, resulting in reduced model accuracy.

Research into the mechanisms linking plant root chemical composition to tensile properties has
predominantly focused on plants in forested and cultivated soils, with scant attention directed towards mine
tailings soils. Studies examining the chemical properties of H. rhamnoides, a key plant species in mine ecological
restoration, remain scarce. Few investigations have explored the influence of mechanical properties through
the lens of plant chemical composition structures, and the application of the PLSR-SVM coupled method in
mine restoration has yet to be reported. Consequently, the following questions require resolution in tailings
environments: (1) How do tensile properties vary across root age groups? (2) What correlation exists between
lignin/cellulose content and tensile strength? (3) What factors account for tensile strength differences among
roots of varying diameters? (4) How can conventional models be adapted to predict root characteristics within
the complex tailings environment? Consequently, this study establishes a PLSR-SVM model correlating root
chemical composition with tensile properties. This quantitative analysis of root chemical content and tensile
strength provides predictive modelling support and scientific reference for selecting plants for tailings ecological
restoration and evaluating root tensile characteristics.

Research content and methodology

Material collection

The sampling site for the test material is the second-class valley-type tailing pond at Crooked Head Mountain,
part of the Bensteel Group. The shrub H. rhamnoides is a typical species in the ecological restoration area on the
outer slope of the tailing dam. The study is in line with the ITUCN Policy Statement on Research on Endangered
Species and the Convention on Trade in Endangered Species of Wild Fauna and Flora (CITES). After obtaining
a permit to collect H. rhamnoide in the tailings area from the Bensteel Group, specimens were collected from H.
rhammnoides plants of restoration ages 1-year-old, 4-year-old, and 10-year-old for the three terraces of the tailings
pond (labeled A to C in sequence).The locations of the field sampling sites are shown in Fig. 1. In July 2023,
we selected 16 to 20 sample plots on the three steps of the tailings dam, clearing away dead debris and weeds.
Referring to the methods of Delory et al.?%, Yang et al.>* and Wang et al.?%, Liaoning nonferrous metals survey
and Research Institute, an authoritative CMA testing institution recognized by the national certification and
accreditation supervision committee, was entrusted to test the plant height, crown width and ground diameter
of H. rhamnoides. The mean plant height (92.63+17.83) cm, crown spread (85.06+17.07) cm, and ground
diameter (1.28 £0.21) mm for 1-year-old H. rhamnoides. Mean plant height (135.31 +18.80) cm, crown spread
(107.63£15.44) cm, ground diameter (1.80+0.29) mm for 4-year-old H. rhamnoides.The mean plant height
(322.50+74.10) cm, crown spread (212.75+79.90) cm, and ground diameter (4.48 +1.45) mm for 10-year-old
H. rhamnoides, and the above were used as the standard plant data for the three steps. Using the full excavation
method for collection, roots exhibiting straight growth and normal development were selected and brought
back to the laboratory. Surface soil was gently brushed off to avoid mechanical damage. After thorough cleaning,
the roots were stored at 4 °C in a refrigerator for subsequent experiments.The root systems of H. rhamnoides at
different ages in the tailings area, as shown in Fig. 2.The Voucher specimens were stored in the botanical specimen
room of the experimental center of Liaoning Nonferrous Survey Research Institute, which is recognized by the
National Accreditation and Supervision Commission as an authoritative CMA testing institution.
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Fig. 1. The map of situ sampling. Google Earth image snippets of the area (https://www.google.com/earth/)
show the location of the study area Crooked Head Mountain, part of the Bensteel Group in Liaoning Province,
China.
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Fig. 2. The images of the root system of H. rhamnoides were recorded by camera. (a) 1-year-old H.
rhamnoides; (b) 4-year-old H. rhamnoides; (c) 10-year-old H. rhamnoides. Permission to collect H. rhamnoides
from the tailings area has been obtained from the Bensteel Group in Liaoning Province, China.

Test preparation and tensile test methods

The diameter of H. rhamnoides root was measured using electronic vernier calipers, with the diameter of the
root section expressed as the average value D (mm) at three equal points. Different ages of H. rhamnoides
were classified statistically by diameter into 1 (0.5<D<1 mm), 2 (1<D<1.5 mm), 3 (1.5<D<2 mm), 4
(2<D<3 mm), 5 (3<D<5 mm), and 6 (5<D<10 mm) diameter classes. Root tensile strength was measured
using a microcomputer-controlled electronic universal testing machine with a maximum capacity of 100 kN, a
scale distance of 100 mm, and a tensile speed of 10 mm/min, with the test procedure duly recorded.

Methods of chemical composition determination

After determining the tensile properties, root samples were classified by diameter for chemical composition
testing.The test method was based on the Van's detergent fiber analysis and national standards “GB/T 20806 —
2006 feed in the determination of acid detergent lignin (ADL)”?® “GB/T 20806 — 2006 feed in the determination
of neutral detergent lignin (NDL)*?, as well as the Agricultural Industry standard “NY/T 1459-2007" for
determining acid detergent fiber (ADF)?®. The mass fractions were calculated as the average of three replicate
samples for each diameter class. Holocellulose content and the lignin-to-cellulose ratio were calculated using
Egs. (1) and (2).

WHolocellulase = WCellulose + WHemicellulose (1)

WThe lignin to cellulose ratio — WLignin/WCellulose (2)

Result analysis

Mechanical properties of the root system

Roots of H. rhamnoides root across various growth stages consistently demonstrated high tensile resistance. The
mean tensile force was 1-year-old > 4-year-old > 10-year-old H. rhamnoides root. As root diameter increased,
the divergence between fitted curves for different age cohorts widened (Fig. 3a). Tensile force exhibited a
significant positive power-law relationship with root diameter (Fig. 3a), whereas tensile strength displayed an
inverse negative power-law relationship (Fig. 3b). Specifically, mean tensile strength decreased in the order:
1-year-old > 4-year-old > 10-year-old H. rhamnoides. These results confirm a pronounced size effect linking root
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Fig. 3. Relationship between root tensile properties and root diameter (a) Tensile force; (b) Tensile strength.
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Fig. 4. Stress-strain curve of plant roots (a) 1-year-old H. rhamnoides; (b) 4-year-old H. rhamnoides; (c)
10-year-old H. rhamnoides.

biomechanical properties to diameter, particularly within the 3-5 mm range. This suggests that finer roots may
enhance slope stabilization more effectively than thicker roots, a performance variation primarily attributable
to site-specific growing conditions and internal tissue structure?®. Additionally, substantial individual variation
in tensile strength occurred even among same-age H. rhamnoides root of comparable diameter, aligning with
findings by Leung et al.?® and Liu et al.*°.

Deformation characteristics of the root system

Figure 4 displays the stress-strain curves of H. rhamnoides root at different ages. Here, the letter “S” represents
H. rhamnoides; the number preceding “S” indicates the age, while the number following it denotes the diameter
class.

Each stress-strain curve obtained from the tensile tests of H. rhamnoides root exhibited distinct characteristics.
For comparison, the ultimate stresses of H. rhamnoides root within the 1-5 diameter class were compared
with the average ultimate stresses for that class®!, selecting the closest curve as the representative curve for
that diameter class®. Figure4 reveals that the ultimate stresses of H. rhamnoides root across different ages and
diameter classes showed a negative correlation with root diameter. Specifically, in Fig. 4(a), the ultimate stress for
1-year-old H. rhamnoides decreased from 65.5 MPa in diameter grade 1 to 23.0 MPa in diameter grade 5; in Fig.
4(b), the 4-year-old H. rhamnoides root decreased from 56.5 MPa in diameter grade 1 to 17.2 MPa in diameter
grade 5; and in Fig. 4(c), the 10-year-old H. rhamnoides root decreased from 44.9 MPa in diameter grade 1
to 13.1 MPa in diameter grade 5. However, strain was found to be independent of root diameter. The stress-
strain curves indicated that all root diameters initially underwent elastic deformation, transitioning to plastic
deformation as stress increased, demonstrating significant elastic-plastic characteristics. Differences among the
curves for various root diameters indicated that smaller diameters exhibited steeper slopes, requiring greater
stress per unit strain.

Characterization of the distribution of the content of major chemical components in the root
system

Table 2 presents the contents of the main chemical components of the H. rhamnoides root system across different
diameter classes and ages.

As shown in Table 2, lignin, cellulose, hemicellulose, holocellulose and the content ratio of lignin to cellulose
ranged from 23.85% to 27.58%, 12.32% to 38.21%, 8.60% to 9.78%, 21.19% to 46.81%, and 0.65 to 2.16,
respectively. The sum of cellulose, lignin and hemicellulose contents of roots at different ages was as follows:
1-year-old (62.36%) >4-year-old (53.90%) > 10-year-old H. rhamnoides (53.11%). While these differences were
relatively small, significant variations in root chemical constituents were observed among different ages of H.
rhamnoides at different diameter levels. Mean lignin and hemicellulose contents decreased with increasing root
diameter, with significant differences between the diameter classes of 1-year-old and 10-year-old H. rhamnoides,
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Fig. 5. Chemical formula and structure of cellulose, lignin and hemicellulose. (a) Cellulose; (b) Lignin; (c)
Hemicellulose.

Tensile force/N Tensile strength/MPa
Species Age Regression equations | R? P Regression function | R? P
l-year-old | F=12.673D!%1% 0.9766 | <0.01 | P=16.471D~04%* 0.9250 | <0.01
H. rhamnoides | 4-year-old | F=8.6463D¢722 0.9314 | <0.01 | P=10.905D~%2%7 0.8586 | <0.01
10-year-old | F=14.604D!384 0.9438 | <0.01 | P=18.604D~0742 0.8537 | <0.01

Table 1. Regression function of root tensile properties and diameter. D is root diameter on average, mm. The
same as below.

as well as significant differences in mean hemicellulose content among the diameter classes of 4-year-old H.
rhamnoides. The correlations between the contents of other chemical components were not significant.

Analysis of the effect of chemical composition structure on mechanical properties
The spatial structures and chemical formulas of the root chemical constituents are shown in Fig. 5. Fig. 5(a)
shows that lignin is a complex reticulated phenolic polymer, primarily composed of phenylpropane units®.
It exhibits considerable strength; however, the m-n conjugation of the phenolic polymer’s benzene rings can
enhance the overall brittleness of the polymer as its molecular weight increases. Fig. 5(b) depicts cellulose as a
linear microfibrillar polymer mesh made up of D-glucose (individual rings)*.Its strong, boat-structured six-
membered rings and inter-ring ether bonds™. effectively enhance the stretching and rotation of chemical bonds.
Thus, cellulose and lignin provide strength and toughness to the root system. However, the effect of lignin on
root tensile strength is weaker than that of cellulose. 1-year-old H. rhamnoides exhibited the highest cellulose
content (26.68 + 2.77%) and, correspondingly, the optimal tensile strength and tensile modulus among all age
groups (Tables 1 and 2). Its high-cellulose microfibril structure (Fig. 5b) enhances toughness through ether
bonds, while the brittle effect of lignin (26.81 + 0.45%; Fig. 5a) is counterbalanced by cellulose dominance,
resulting in superior tensile performance. In contrast, 10-year-old H. rhamnoides showed significantly reduced
cellulose content (19.62 + 5.01%), with both tensile force and tensile strength lower than those of 1-year-old H.
rhamnoides (Table 1). Although lignin content (26.64 + 0.55%) did not differ significantly from that of 1-year-old
H. rhamnoides root, the decline in cellulose weakened the cell wall structure, leading to degraded mechanical
properties. The content ratio of lignin to cellulose of 1-year-old H.rhamnoides (0.87-1.18) was significantly lower
than that of 10-year-old H.rhamnoides (1.25-1.85), indicating that a lower the content ratio of lignin to cellulose
better balances strength and toughness (Table 2). This demonstrates cellulose’s advantage in resisting tensile
damage, which is in agreement with the results of the studies of Zhang et al.*® and Commandeur et al.*® Fig.
5(c) shows that hemicellulose, characterized by low polymerization, instability and small molecular weight in an
amorphous state?’, has certain adhesive properties. The average hemicellulose content in roots of different-aged
H.rhamnoides (8.55%—10.08%) was relatively low, with insignificant differences, and its amorphous structure
Fig. 5(c) had a weaker impact on mechanical properties.

Table 3 presents the correlation coeflicients between the parameters, revealing that the tensile strength of
H. rhamnoides at different ages is significantly negatively correlated with lignin content and highly positively
correlated with root diameter. Conversely, tensile strength shows a significant positive correlation with lignin
content and a highly significant negative correlation with root diameter. The relationship between the tensile
properties of H. rhamnoides and the components of the root system varies significantly with age, indicating that
a single component cannot fully account for the relationshipbetween the mechanical properties and diameter
of the root system.

Research has revealed a significant negative correlation between tensile strength and lignin content. This
primarily stems from lignin’s brittle nature and its antagonistic interaction with cellulose. The reticular structure
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Lignin ¢ Cellul Hemicellulose content | Holocellulose

Plant Species | Diameter class | /% 1% 1% content/% Lignin/cellulose

1 26.88+0.11ABab | 30.82+0.62Ca 8.72+0.01Ca 39.54+0.62Da 0.87+0.01Ci

2 26.87 +0.36Bab 27.88+0.55Ab 8.82+0.01Ba 36.70 £0.54Aab 0.96+0.01Chi
1-year-old 3 27.58+0.94Aa 23.92+0.00Ade 8.85+0.00Ca 32.76 £0.00Acd 1.15+0.04Cfg
H. rhamnoides | 4 26.96 £0.10Aab 27.64+0.03Ab 8.87+0.11Aa 36.51+£0.13Aab 0.98+0.01Chi

5 26.43+0.23ABab | 22.38+0.30Ce 8.97+0.01Aa 31.36+0.30Cd 1.181+0.03Bfg

6 26.16+0.62Aab | 27.44+0.06Bb 8.95+0.02Aa 36.38 £0.04Bab 0.95+0.02Ci

1 26.25+0.96ABab | 23.18+£0.12Ede 8.90+0.02Ca 32.08£0.13Ed 1.13+0.04Afgh

2 26.61+0.22Bab 12.32+0.09Dh 8.87+0.03Ba 21.20+0.08Cf 2.16+£0.02Aa
4-year-old 3 26.07£0.53Aab 17.72+0.08BCf 9.00+0.02Aa 26.72+£0.07Be 1.47+£0.027Bd
H. rhamnoides | 4 25.81+1.33ABab | 13.32+0.11Cgh | 8.97+0.06Aa 22.30+0.05Cf 1.94+0.08Ab

5 25.98+0.26Bab 29.12+0.78Aab 8.95+0.02Aa 38.07+0.75Aa 0.89+0.03Di

6 25.54+0.09Aab 17.798 +1.28Cf 9.00+£0.37Aa 26.80+1.65Ce 1.44+0.11Bde

1 25.45+1.52Bab 24.90+0.02Dcd 8.95+0.06Ca 33.85+0.08Ebcd 1.02+0.06Bghi

2 25.00+0.15Cab | 26.95+0.26Bbc 8.87+0.14Ba 35.83+0.12ABabc | 0.93+0.02Di
l0-year-old |3 24.83+2.79Aab | 14.83+2.64Cg | 8.85+0.02Ca 23.68+2.62Cf 1.70£0.12Ac
H. rhamnoides | 4 24.65+0.47Bab 18.94+0.75Bf 8.87+0.11Aa 27.812+0.64Be 1.30+0.03Bef

5 24.03£0.09Cb 19.26+0.11Df 8.75+0.03Ba 28.00+0.139De 1.25+0.01Af

6 23.85+0.83Ab 12.87+0.10Dgh 8.80+0.19Aa 21.67 £0.29Df 1.85+0.08Ab

Table 2. Major chemical constituents of H. rhamnoides root systems of different age and diameter classes.
Different capital letters indicate significant differences (P < 0.05) in the chemical composition of roots of
different size classes at the same age of H. rhamnoides, and different lower case letters indicate significant

differences (P < 0.05) in the main chemical composition of roots of different size classes at the same age of H.
rhamnoides.

formed by phenylpropane units in lignin molecules enhances rigidity through n-m conjugation, yet its high
molecular weight simultaneously diminishes the root system’s capacity for energy dissipation during plastic
deformation. Furthermore, elevated lignin-to-cellulose ratios constrain cellulose’s contribution to toughness.
Tensile strength exhibited a power-law decrease with increasing root diameter (Fig. 3b), with fine roots
demonstrating superior tensile performance due to their higher cellulose content and more homogeneous cortex
tissue structure. Overall, one-year-old H. rhamnoides root exhibited optimal mechanical properties, significantly
outperforming roots from other growth stages.

PLSR-SVM based coupled modeling approach
Partial least squares regression (PLSR)
PLSR is an integrated, all-in-one multiple regression approach®, which utilizes decision variables to mitigate
the effects of multiple covariates in the input factors. It efficiently extracts the most informative features to build
model Eq*.

Setegiand Fpas the normalized vectors of x,, y respectively.Within Eo = (eo1, eoz, - - -, eop)T, set tias the
first component of Eo, t; = Eow1, and setaias the first component of Fp, a1 = Focio .

In PLSR regression, the covariance between componenttiand componenta is required to be maximized.

Cov (t1,a1) = \/Var (t1) Var (a1) r (t1,a1) — max (3)
To solve the following optimization problem:

wlTwl =1,
max (Eow1, Foc1) s.t. T (4)
cioer=1

The first component can be obtained applying the Lagrange multiplier method to Eq. (4).

t1 = Eow: a1 = Fpcr (5)
Ey and Fj are regressed on components ¢1and a1, respectively:
Eo=tipi + E1 Fo =airi + (6)

Among them, p1 = E{t1/||t1]|?, 71 = Fy a1/|la1||*>. Matrices E1 and F; are the residuals from the first
regression.
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By repeating Eq. (4) to (6) using the residual matrix, k component t_ can be derived. The number of
components is determined using the principle of cross-validation.

Support vector machine (SVM) modeling

SVM, based on statistical learning theory, aims to minimize structural risk®* to ensure the minimum
classification error rate®.The SVM model identifies a categorical hyperplanet = w” z + b and formulates a
quadratic programming.

1
min§|| w ||2$.t. Yi (wa + b) >1,i=1,2,---,m0 (7)

The classification problem can be framed as the following quadratic programming:

Y I S T )
min inH +C E &k | sty (w x—!—b) >1,i=1,2,--n,& >0 (8)
k

By employing the Lagrange multiplier method, Eq. (8) can be transformed into:

> ke =0,0<ar <Cop>0 o
k

>

By defining the kernel function K (zx,z;) = (¢ (zx) , ¢ (21)) instead of (zx, z;), Eq. (9) is transformed

into a planning problem:max (—; Z Z arayr i K (T, z1) + p Z ak) s.t.
kot k

> ap =00<ar <Cp>0, (10)
k

Eq.f10R3addresses the nonlinear classification problem.

Coupled modeling of PLSR and SVM

The coupling of PLSR with SVM has been successfully applied in various fields, including water quality
prediction®!, air quality prediction*? and dam displacement monitoring*®. Given that both PLSR and SVM
models exhibit significant prediction errors®”-® due to their inherent nonlinearity®® and the presence of multiple
input variables?!, a coupled model is constructed to leverage the strengths of both approaches. The flow of PLSR-
SVM coupled model analysis is shown in Fig. 6.

PLSR-SVM modeling of tensile Property-Chemical composition linkage

Parameter statistics

Based on the single-root tensile test and chemical composition test data of H. rhamnoides root system, t,
lignin, t, cellulose, t, hemicellulose, t, holocellulose, t, lignin-to-cellulose ratio and t, root diameter, a total of

Independent Independent
- variable x Data variable E Extract the i-th
Start o
dependent | standardization | jependent component
variable y variable F L
=i+l
Cross validity
discrimination
Terminate
Form a score Data
matrix preprocessing
Test set Training
set
Model The SVM .
End accuracy Da.ta . prediction Modeling
evaluation normalization model the SVM
Fig. 6. PLSR-SVM coupled model analysis flowchart.
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Inputs Outputs
Parameters t/% | t,/% |t/% |t/% |t/% |t/mm |y/N |y,/MPa
Maximum value 28.73 | 38.33 | 10.08 | 46.95 | 2.18 | 9.82 446.24 | 43.18
Minimum value 20.38 | 11.60 | 8.55 |20.46 | 0.53 | 0.55 4.40 3.46
Range 8.35 |26.74 | 1.53 |26.49 | 1.65 | 9.28 441.84 | 39.72
Mean value 26.01 | 2341 | 891 3232|121 |3.10 81.42 |13.17
Standard deviation | 1.45 | 6.50 |0.26 |6.51 |0.37 |2.59 100.07 | 8.64

Table 4. Descriptive statistics of H.rhamnoides sample data.

120 1

Percentage variance

0 I I I I )

1 2 3 4 5 6

PLRS components

Fig. 7. The change of the PRESS value with the increase of the principal component.

six parameters. The dependent variables included y, tensile force and y, tensile strength. After removing data
that affected modeling variability, 72 sets of representative measurements were chosen as the final sample, with
descriptive statistics for the various variables in the H. rhamnoides sample presented in Table 4.

Parameter correlation analysis

From Table 3 in Sect. 3.3, it is evident that the correlation among the six parameters is significant, and
multicollinearity among independent variables can lead to instability in the prediction model*?, which is very
detrimental to modeling analysis*®. Traditional linkage methods and data-driven BP models often fail to address
the effects of multiple covariates among input factors. While PCA, stepwise regression (SR) and PLSR can
help mitigate this issue, PCA extractsprincipal components and contribution rates but neglects the correlation
between these components and the dependent variable, resulting in the loss of key information and decreased
model prediction accuracy. SR removes highly correlated variables, which may reduce the training data’s
plausibility, leading to less effective predictions. Therefore, employing the PLSR coupling method is essential for
rationally extracting the explanatory variable characteristics of principal factors.

PLSR-SVM prediction model and effect analysis
Regression using PLSR reveals the percentage of variance change with increasing number of principal
components, as shown in Fig. 7.

As illustrated in Fig. 7, PLSR can achieve the lowest percentage of variance by extracting just three principal
components, t1> tz, '[3 expressions:

0.347 0610 -05067 T
" 0976 ;q7g  -0.052 T2
ol — 0.196 0.591 0.757 T3 (11)
t"’ ~ | 0.988 —g.{)gg 0.095 | x4
3 .
-0.950 -y -0.004 zs
-0.116 0.178 z6

The principal components t,, t,, t, serve as the input layer of SVM, reducing the original six dimensions to three.
The output layer contains only two nodes, effectively lowering the dimensionality of the SVM and simplifying
the model structure.

To further validate the fitting accuracy of the root tensile mechanics prediction model developed using the
PLSR-SVM coupling method, we also established root tensile mechanics prediction models using BP, PCA,
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Fig. 8. Comparison of measured values and predicted values from PLSR-SVM model (a) Tensile force; (b)
Tensile strength.

Tensile force
Maximum error | Mean error | Standard error | Mean relative error
Models IN IN 1% 1%
PCA 14.15 2.51 4.07 5.35
BP 12.08 2.23 3.86 4.02
SVM 11.74 1.76 3.56 3.80
PLRS 8.32 1.51 3.15 3.47
PLRS-SVM | 5.61 1.60 213 3.21

Table 5. Comparison of tensile force prediction accuracy among different models.

Tensile strength
Maximum error | Mean error | Standard error | Mean relative error
Models /MPa /MPa 1% 1%
BP 6.16 0.68 1.33 4.29
PCA 4.93 0.62 1.16 4.68
SVM 3.98 0.50 1.32 3.75
PLRS 3.13 0.49 1.11 4.12
PLRS-SVM | 3.01 0.41 0.82 2.96

Table 6. Comparison of tensile strength prediction accuracy among different models.

PLSR and SVM prediction models were also established based on the above 72 sets of data. Comparison plots of
the measured values against the PLSR-SVM coupled predictions, along with the fitting accuracy of the various
prediction models, are presented in Fig. 8.The fitting accuracy of different prediction models for tensile force
(N) and tensile strength (MPa) is compared in Tables 5 and 6, with model performance ranked according to
maximum error.

As shown in Fig. 8; Tables 5 and 6, the measured and predicted values of tensile force and tensile strength for
the H. rhamnoides root system across the 72 sample sets are closely aligned. The maximum errors of tensile force
and tensile strength were 5.61 N and 3.01 MPa, respectively. The average errors were 1.60 N and 0.41 MPa, with
standard errors of 2.13% and 0.82%, and the average relative errors were 3.21% and 2.96%. Overall, the model
demonstrated high accuracy in predicting the tensile strength of the root system.

As shown in Tables 5 and 6, which links tensile properties to the chemical composition of H. rhamnoides root,
exhibits the smallest error index and outperforms the other four prediction models in terms of fitting accuracy.
In conclusion, the PLSR-SVM prediction model for the tensile properties-chemical composition linkage of H.
rhamnoides root is reasonable and effective.

Discussion

The study investigated the relationship between the tensile properties of H. rhamnoides root systems and factors
such as age and chemical composition. Results indicate that both tensile strength and tensile modulus of root
systems exhibited a decreasing trend with increasing plant age (Fig. 3). This pattern aligns with Hou’s findings
on the tensile properties of alfalfa fibrous roots across different age stages*!. Furthermore, the tensile force and
tensile strength of H. rhamnoides root at various ages exhibited a power-law relationship with root diameter,
consistent with Genet et al.'s mechanical studies on three coniferous and two broadleaf tree species'2. More
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notably, root diameter at different ages exhibited a negative correlation with ultimate stress, independent of
strain, aligning with Zhang et al.'s findings on the relationship between root mechanical properties and size®*.

When investigating the relationship between chemical constituents in root systems and tensile strength, it
was observed that higher lignin content often correlates with lower tensile strength. This finding aligns with the
conclusion drawn by Zhang et al.!* regarding a significant negative correlation between lignin content and tensile
strength in Pinus tabulaeformis roots. However, this contrasts with the cellulose-dominant tensile performance
perspective proposed by Yun et al.*®. This discrepancy may stem from the combined influence of plant species,
chemical composition levels, spatial arrangement structures, and other substances, necessitating deeper analysis
incorporating diverse plant types and primary constituents*”*%. Concurrently, it underscores that relying solely
on individual chemical components to explain the dimensional relationship between root diameter and tensile
mechanical properties proves insufficient®.

This study primarily investigates the typical plant H. rhamnoides within tailings dam remediation zones,
proposing a PLSR-SVM predictive model linking tensile properties to chemical composition. Although
demonstrating high predictive accuracy, the model does not comprehensively cover the region’s diverse plant
communities, thereby limiting its practical engineering guidance due to plant type constraints. Subsequent
research should expand sample diversity by selecting representative plants of different types (shrubs, herbaceous
species, etc.) and root morphology (taproots, fibrous roots, reticulate roots, etc.) for comparative tensile
mechanical studies. This should be combined with advanced characterisation techniques such as CT scanning
to elucidate macro-micro mechanisms linking plant tensile performance, chemical composition, and spatial
structure. Integrating multi-source data (soil parameters, topography/hydrology, remote sensing imagery) to
construct intelligent multi-objective optimisation models will enhance predictive accuracy and generalisation
capabilities. This approach enables dynamic assessment of tailings slope stability and precise selection of
restoration vegetation, providing scientific foundations for ecological rehabilitation in mining areas.

Conclusion

Based on the chemical composition of H. rhamnoides root, a plant for ecological restoration of mines, we analyzed
the tensile properties in relation to the distribution characteristics and chemical structure of the chemical
components at different ages and diameters. Using the PLSR-SVM model, we drew the following conclusions:

(1) The average tensile strength of H. rhamnoides is ranked as 1-year-old > 4-year-old > 10-year-old.The tensile
force increases as a power function with root diameter, while tensile strength decreases as a power function with
age. Significant elastic-plastic characteristics were observed in the stress-strain curves, and the root diameter was
negatively correlated with the maximum stress and independent of the strain.

(2) The sum of cellulose, lignin and hemicellulose contents of roots at different ages were as follows: 1-year-
old (62.36%) > 4-year-old (53.90%) > 10-year-old H. rhamnoides (53.11%). The average lignin and hemicellulose
content decreased with increasing root diameter, with significant differences between the 1-year-old and 10-year-
old H. rhamnoides diameter classes. Additionally, there were significant differences in mean hemicellulose
content among the 4-year-old diameter classes. While significant variations in chemical content were found
among different ages and diameter classes of H. rhamnoides root, the overall correlation was not significant.

(3) The tensile strength of H. rhamnoides root system at different ages was significantly negatively correlated
with lignin content and significantly positively correlated with root diameter. Conversely, tensile strength was
significantly positively correlated with lignin content and highly significantly negatively correlated with root
diameter. The correlation between tensile properties at different ages and root components varied, suggesting
that single chemical components could not fully explain their interdependence.

(4) The PLSR-SVM prediction model effectively addressed the issue of multiple covariances among
independent variables by extracting three strong principal components as the input space for SVM, thus
reducing dimensionality and simplifying the model structure. The maximum errors for tensile force and tensile
strength are 5.61 N and 3.01 MPa, the average errors are 1.60 N and 0.41 MPa, the standard errors are 2.13% and
0.82%. The average relative errors were 3.21% and 2.96%, demonstrating high prediction accuracy that exceeds
that of the models developed using BP, PCA, PLSR and SVM.

Data availability
Data availabilityThe datasets generated during and/or analysed during the current study are available from the
corresponding author on reasonable request.
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