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Abstract

The root splitting of tuff stone monument is one of the main reasons for the regional destruction of stone monument in
Zhejiang province, China, which is also a new research difficulty in the destruction of stone monument. On the basis of
analyzing the root splitting mechanism of stone monument, the mechanical model of the root splitting process of tuff
stone monument was summarized and established, and the equation of the root splitting expansion force was solved by
means of elastic mechanics and fracture mechanics. The equivalent thermal expansion method was used to simulate the
growth and expansion of root system, and the extended finite element method (XFEM) was used to calculate the crack
expansion law of stone monument. Results show that the root splitting expansion force is affected by root growth
expansion factor, mechanical strength of plant root and rock mass, and fracture morphology. The numerical solutions of
the root splitting expansion force and tensile stress obtained by the equivalent expansion method are in good agreement
with the analytical solutions. The crack propagation of rock mass in the root splitting is closely related to the crack
morphology and root growth. The law of crack propagation is consistent with the actual failure characteristics of stone
monument. The research method in this study can provide the theoretical basis for the damage of similar stone monument.
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1. Introduction

At present, stone monument such as cave temples and cliff
carvings in China are all located in scenic spots, the
management departments generally pay attention to the
landscape ecological environment, especially in the southern
region where vegetation is developed and has a high
coverage rate. In the process of protecting stone monument
such as Feilaifeng stone statues and Shaoxing Keyan rock
statues, many damage diseases caused by plant root have
been found [1-3]. However, due to the lack of related
research, there is no corresponding quantitative model
analysis on the degree and progress of damage in stone
monument caused byplant root . Finally, only a fuzzy
balance can be made. Follow-up monitoring shows that
some plant roots are still showing a continuous impact on
the statues.

There are a large number of tuff stone monuments with
a long history in Zhejiang province, China. These tuff stone
monuments have experienced natural weathering and
different degrees of man-made damage in the long history,
and are suffering from different degrees of surface
deterioration, corrosion and even destruction. However, a
large number of grotto stone relics are attached to the steep
rock slope, and the mechanical action of plant roots in the
rock mass produces a large number of cracks, and the rock
mass is gradually destroyed, weathered and disintegrated for
a long time. Therefore, if appropriate and effective
protection measures are not taken, these cultural heritages
that witness the pace of history will disappear forever in the
near future, and irreparable losses will also be caused.
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The root splitting of stone monument brought by higher
plants is a gradual and lengthy process, and the destruction
process can be summarized into three stages [4]: First, the
short plant roots grow normally in the cracks of stone
monument. Second, its growth and radial coarsening roots
are constrained by the crack wall, which leads to
compressive damage to the rock body and surrounding rock
mass, causing crack widening. Third, the roots growth tends
to widen the cracks or structural weaknesses, resulting in
further damage to stone monument. The study on the
mechanism of root splitting of stone monument belongs to a
new and urgent field. The establishment of the mechanical
relationship between plant roots and stone monument can
provide a theoretical basis for the detection and evaluation of
tuff stone monument and the establishment of prevention
and control measures, which is of great historical and
practical significance for the protection of stone monument.

2. State of the art

At present, the research on root splitting is only at the
conceptual level. Based on a large number of investigations
and field collection of spruce roots, Malik et al. pointed out
that the growth of roots would fill the space within rock
fractures, and the root morphology would become irregular
according to the shape change of fractures [5]. Pawlik et al.
studied the growth morphology of spruce root in rock mass
cracks and loose soil based on the root anatomy. The results
showed that the growth morphology of root was mainly oval,
and the ratio of long and short axes of root growing in rock
mass cracks was greater than that in loose soil [6]. Liu et al.
carried out an on-site investigation on the Epang Palace site
in Xi’an, and discussed the relationship between plant roots,
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root length, root diameter, plant species and the crack area of
the soil site [7]. Zhang et al. investigated the material
composition, basic mechanical properties and rock mass
structure characteristics of Feilaifeng rock mass, and found
that root splitting was the main reason for the widening of
the fracture in the rock mass [8].

Limited by the lack of systematic research methods and
means on plant root growth, current research on plant roots
growth model mainly relies on field monitoring and indoor
cultivation experiments. Liu et al. used the trunk radial
change recorder to continuously record the change process
of radial growth of different differentiated red vertebral
bodies, synchronously —monitor meteorological and
environmental factors, and established the correlation
between radial growth of trunk and various factors [9].
Calusi et al. proposed a mathematical model of root growth
based on root-soil interaction, and the rationality of the
model was verified by comparing the data collected in
indoor cultivation experiments and real environment [10].
Kolb et al. studied the radial force generated by the root
system under the change of crack width and its influence on
the growth of the root system through photoelastic
experiments. The results showed that the outer epidermis of
the root system was compressed under the constraint of
crack wall, but the middle part was not affected. Meanwhile,
the radial force of the root system increased with the
increase of time [11].

Research on root splitting damage of stone monument is
also limited and insufficient. Su et al. studied the formation
mechanism of dangerous rock mass in Bailiandong site, and
found that root splitting would make the original joint and
fissure continuously open and expand, which would
intensify the deformation and failure of rock mass [12].
Fulvio and Claudio proposed a micromechanical model for
tuff stone masonry by assuming a periodic composite with
two components, namely tuff stones and mortar. The
accuracy and robustness of the micromechanical model were
assessed by simulating nonlinear response and crack patterns
of masonry in different geometrical, boundary and loading
conditions related to axial and diagonal compression tests
[13]. Anthony presented a finite element model for the
prediction of discrete fracture propagation in rock structures
loaded in compression. The predictions of the model are
compared with the observed fracture response of a real rock
structure. Results show that the model accurately predicts
both stable and unstable fracture progagations observed
experimentally [14]. Based on the maximum tensile stress
and The Mohr-Coulomb criterion, Yun et al. improved the
fracturing modeling algorithm in the numerical manifold
method (NMM) and applied it to the comprehensive
simulation study of rock fracture of rock samples with pre-
existing fractures. The simulation results of fracture
propagation and the final fracture development path were in
good agreement with the experimental results [15].
Kuksenko and Tomilin propose a two-stage model of rock
fracture.The advantage offered by this model is that a notion
of the rank of fracture (fracture size) is introduced, and
criteria are presented for both fracture nucleation and the
transition of the failure process from one scale to another
[16].

Since the corresponding quantitative analysis of crack
propagation process of stone monument by root splitting has
not been carried out [17-21]. This study adopted theoretical
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analysis and numerical simulation to study root splitting in
tuff stone monument. The root splitting action of stone
monument was reasonably simplified and assumed
combining elastic mechanics theory and fracture mechanics
method. The mechanics model of root splitting of stone
monument was established and the solving equation of root
splitting expansion force was deduced. Secondly, the
equivalent thermal expansion method was used to simulate
the root growth and expansion. Finally, the extended finite
element method (XFEM) was used to simulate the fracture
propagation of tuff stone monument rock mass. The results
of this study provide a reference for exploring the
mechanical mechanism of root splitting of stone monument.

The rest of the study is organized as follows. Section 3
describes two research methods and basic assumptions. The
analysis and discussion of the results are given in Section 4,
and the conclusion is summarized in Section 5.

3. Methodology

3.1 Basic hypotheses

Most of the stone monument rock mass have highly
developed joints and cracks, etc. From the perspective of
fracture mechanics, the root splitting expansion force can
drive the pre-existing cracks of rock mass to produce type (I)
expansion [22]. In order to explore the mechanical
mechanism of the root splitting expansion force on the
fracture expansion of stone monument rock mass, the
following assumptions are made:

(1) For the convenience of research, it is assumed that
the fractures are approximately simplified to the ellipsoid of
transverse section, and the plant roots are approximately flat
ellipsoid. The longitudinal length of fractures and plant root
is much larger than the transverse radius, and the problem
can be regarded as the plane strain state, as shown in Fig. 1.

(2) The stone monument rock mass and the plant roots
are homogeneous and isotropic elastic medium, and the plant
roots in the cracks are incompressible.

(3) The root splitting expansion force is distributed
uniformly along the crack wall without considering the
friction between the root system and the crack wall.

(4) During the growth and expansion of plant root, the
“complete contact” state is maintained between the stone
monument rock mass and plant root, that is, the normal
stress and normal displacement of the crack surface are
equal, which always satisfies the deformation coordination
condition.

3.2 Analysis method of mechanical mechanism of stone
relic root splitting

In the process of growth, the plant root grows and expands
freely without surrounding constraints, and their volume
expansion is as follows:

AV, =aV,, (1)

where, Vo,; is the initial volume of plant root; « is the

equivalent growth expansion factor of plant root, and
different represents the volume expansion changes in the
growth process of plant root.
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Fig. 1. Diagram of root splitting.

Since it is simplified to plane strain problem, the initial
volume of plant root can be expressed as:
V,, =mab 2)
In the process of plant root growth, it is constrained by

the crack wall, which will produce the corresponding root
splitting expansion force P, this expansion force acts on
plant root uniformly and acts as a constraint, which causes
compressive deformation relative to the unconstrained state.
According to the plane strain problem of elasticity, the
volumetric strain of plant root is:

3(1-2
g‘):(—'up)Pr
E

P

(€)

where, U, Ep are Poisson’s ratio and elastic modulus of

plant root, respectively.
Then, the actual expansion volume of plant root under
the constraint of root splitting expansion force is:

V,=0,,+4V,)1-¢,)
- “
= ﬁab(l+a){l—3(1Ez'u")R}

Regardless of the physical force, the elliptic crack is
affected by the root splitting expansion force. According to
the elastic mechanics combined with the complex variable
function, the long and short axial boundary displacement of
the crack can be calculated as [23]:

PR( 3-

u, =—— 1——'uSm )
2G| 1+u
PR 3-

uy = | 142y ©6)
26, 1+u

where, G = E, , _atb m:a_b u L E are the

To2(1+ u) 2 a+b ~ S S

Poisson’s ratio and Shear modulus of the stone monument
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rock mass, respectively. Where, if a > bthe width of the
crack is ignored, then R = %, m=1.

Therefore, the change of crack at the center of the long
axis can be simplified as:

P 1-
Aa=p = B al-p) 7
2G, 1+ p,
P a
Ab=p, == 8
H, G 1+ ®)
Ab|(1—
If a>b , |Ad|= ||(le) for small quantity.
Therefore, it can be approximated that |Aa| X |Ab| ~0
Then, the expansion volume of the fracture is:
V. =n(ab+aAb+bAa)
P P b(- 9
:ﬁa(b+_fi__"w ©)
G 1+u  2G, 1+py,

Combining Egs. (4) and (9), the solution of root splitting
expansion force of stone monument can be expressed as:

o
P = 10
T 20-Twp, 30ra)-24,) (10)
E Ep
where,é?:g.
b

3.3 Numerical analysis for root splitting

3.3.1 Simulation of plant root growth and expansion

Without considering the environmental adaptability of plant
root, it is assumed that the development and growth of plant
root show radial uniform growth. ABAQUS software was
used to simulate the growth and expansion of plant root.
Other assumptions were the same as the basic hypotheses.
The method of equivalent thermal expansion was adopted to
realize the change of growth volume expansion of plant root
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by changing temperature, and the growth and expansion
factor of plant root could be controlled by changing thermal
expansion coefficient. Its volume expansion can be
expressed as:

AV =p-AT-1,-V, (11)
where, £ is the coefficient of thermal expansion, AT is the

change of temperature. Considering the plane strain state,
ly=1.

The conversion relation between plant root growth
expansion factor and thermal expansion coefficient can be
obtained from Egs. (1) and (11):
a=pAT (12)
3.3.2 Calculation of crack propagation
Based on the equivalent expansion method to simulate root
growth and expansion, the XFEM was used to simulate the
crack propagation of tuff stone monument rock mass. The
XFEM was firstly proposed by Belytschko. Compared with
the finite element method, the XFEM does not need to
redivide the mesh when analyzing the crack growth problem.
Its core idea is to introduce a enrichment function that can
reflect cracks on the basis of conventional finite element,
and the enrichment function is [24]:

where, N, (x) is the displacement function of general finite

l/l:iNl(x)|:u1+H(x)al+iFa(x)b1a (13)

a=1

element; u, is the node displacement related to the

continuous part of the finite element solution; a,and b,” are

the degree of freedom is strengthened for the joints of crack
penetration element and crack tip element, respectively;
H(x) and F (x) are the crack tip step function and

asymptotic function, respectively.

3.3.3 Criteria for crack propagation

In the XFEM, there are various commonly used criteria for
judging crack initiation: maximum principal stress criterion,
maximum principal strain criterion, maximum normal stress
criterion, maximum normal strain criterion, quadratic
nominal stress criterion, and quadratic nominal strain
criterion [25]. Because the concept of maximum principal
stress is clear and the numerical calculation is easy to
converge, the maximum principal stress criterion was
adopted in this study to simulate the propagation of root split
fractures in single fractured rock mass.

Maximum principal stress is a macroscopic index
proposed to judge crack growth from the perspective of
maximum principal stress, that is, when the maximum
principal stress at the crack tip reaches the critical value o,

crack initiation and propagation occur along the direction
perpendicular to the maximum principal stress. The
maximum principal stress was used to study the crack free
stage and to judge the crack initiation position of the
material, which is expressed as:

e

max

/

(14)

o

o is

max

is the calculated maximum principal stress.

where, the maximum allowable principal

stress, O,

X

While o, <0, (0, )=0; while s, >0, (0,..)=0

max *

If f >1, the material began to crack.

3.3.4 Numerical model and selection of parameters

The model of tuff stone monument rock mass is
50mmx50mm, and the long half axis of plant root is 20mm
and the short half axis is 4mm, as shown in Fig. 2. CPE4R
was selected as the element type of rock mass and plant root
system, and a structured grid was used and subdivided at the
crack tip. The lateral and vertical displacements were
constrained by the outer boundary of rock mass, and the
loading was carried out by changing the temperature change
of plant root region, with the initial temperature being 0 °C.
The material parameters of the model are referred to
references [26-27], and the specific values are shown in
Table. 1.

Fig. 2. Numerical model diagram.
Table. 1. Model material parameters

Parameter Tuff stone monument Plant root
Elasticity modulus (GPa) 64.9 12.8
Poisson's ratio 0.33 0.38
Thermal expansivity (°C™") - 5.46 x 10°
Tensile Strength (MPa) 8.4 -
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4. Results and Discussion

4.1 Analysis of root splitting expansion force

According to Eq. (10), the change curve of the root splitting
expansion force of stone monument on the expansion growth
factor of plant root and the elastic modulus of rock mass is
drawn, as shown in Figs. 3 and 4.

When the root growth expansion factor and crack
morphology were determined, the root splitting expansion
force of rock mass was positively correlated with the elastic
modulus of rock mass and plant root. When the elastic
modulus of rock mass and plant root reached a certain value,
the root splitting expansion force of rock mass increased
gradually.
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Fig. 3. The relationship amomg the elastic modulus of the rock mass
and the plant root system and the root splittig expansion force.

When the elastic moduli of rock mass and plant root are
known, the root splitting expansion force has negative
correlation relationship with fracture morphology. When the
ratio of the length of axis tends to zero, the root splitting
expansion force tends to infinity. The higher the major and

minor axis is, the smaller root the splitting expansion force is.

When the ratio of the lengths of axis is higher than a certain
value, the root splitting expansion force change interval
tends to be stable. However, there is a positive correlation
between root splitting expansion force and growth expansion
factor of stone monument. The larger the root growth
expansion factor is, the greater the root splitting expansion
force of stone monument is. It also indicates that the root
splitting expansion force of stone monument is very
sensitive to the growth of plant root.

Fig. 4. The relation of root splitting expansion force with root growth
expansion factor and fracture morphology.

4.2 Stress field analysis of crack tip

The crack expansion of stone relics under the action of root
splitting expansion force can be regarded as the fracture
problem of open type (I) crack. According to the knowledge
of fracture mechanics, the analytical solution of the stress
field near the crack tip of the cultural rock mass under the
action of root splitting expansion force can be expressed as
[23]:
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K, 6(, .0 30
o, (r,0)= cos—| 1—sin—sin —
N2rzr 2 2 2
o, (r0)= K, cosg(l+singsinﬁj (15)
N27mr 2 2 2
K 0 o 30
7_(r,0) = —L=sin —cos —cos —
» () \N27zr 2 2 2

where, K, is the stress intensity factor.

The stress intensity factor of the crack surface under the
action of uniformly distributed root splitting expansion force
is:

K, = P~ra

1

i 2(Rdxwa _ 16)

-a /”(az _xz)

Matlab was used to draw the stress distribution nebulae of
Eq. (15), as shown in Fig. 5.

As seen from Fig. 5, under the action of root splitting
expansion force, the fracture tip of stone monument rock
mass produces obvious stress concentration, and the closer it
is to the fracture tip, the greater the stress is, reaching the
order of tens of MPa in numerical value. Visible for dense
hard rock, if there is a closed fractures, root growth expands
the root of the split expansion force will be very great, in
reality, of course, this kind of situation does not exist,
however, it is certain that plant roots have a positive
promoting effect on the existence of crack propagation in
rock mass, and this has potential harm to the stability of
stone monument.
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Fig. 5. Stress distribution at crack tip of stone monument rock mass.

4.3 Demonstration of numerical simulation method

By simulating the growth and expansion factors of different
plant root (different temperature differences), the stress
distribution cloud map of the fracture tip of the tuff stone
monument rock mass was obtained, as shown in Fig 6. As
can be seen from Fig. 6, under the effect of the root
expansion force, the stress of tuff rock mass is
symmetrically distributed about the crack center, and the
crack tip generates an obvious stress concentration, and the
stress far away from plant roots is significantly reduced. It
indicates that the influence of plant roots on the stress of tuff
rock mass is only in the area around the fissure, and the
influence of plant roots on the stress of tuff rock mass is
small beyond a certain range. At the same time, it can be
seen that the crack tip at the long axis of the crack is mainly
under tension, and the crack wall around the short axis is
mainly under compression. Therefore, it can be concluded
that the root splitting failure of tuff stone monument is
mainly under tension.

Combining Egs. (10) and (15), the change curve of root
splitting expansion force, growth expansion factor and stress
change curve of crack tip of stone relics are drawn, as shown
in Figs. 7 and 8. It can be seen from Fig. 7, the root splitting
expansion force of tuff stone monument rock mass increases
linearly with the increase of growth expansion factor, and
the numerical solution is in good agreement with the
analytical solution, indicating that the equivalent thermal
expansion method is in good agreement to simulate the
growth and root expansion. According to Fig. 8, under the
same calculation parameters, at the crack tip, o,,(0,0) tends

to be infinite, and the overall trend of the numerical solution
is in good agreement with the analytical solution. At the
distance of r>10mm from the crack tip, there is a certain
error between the numerical solution and the analytical
solution. The main reason is that the shape of rock mass
cracks is changed due to root expansion and extrusion during
the numerical calculation.

4.4 Discussion on the law of crack propagation

4.4.1 Analysis of deformation of fracture morphology

Set different fracture morphology ¢ = 20 . 6, = 27? ,
0, = ?, 6, = %, and ¢, = % As shown in Fig. 9, the root
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splitting deformation diagram of the tuff stone monument
rock mass is obtained. Fig. 9(a) is the root splitting
displacement diagram of the tuff stone monument rock mass

in the form of ¢, — 36 As can be seen from Fig. 9(a), under
4

the action of root splitting expansion force, the fracture wall
displacement value at the short axis is larger than that at the
long axis, and the fracture tip is accompanied by tension
cracks extending along the long axis. The relationship curve
between the fracture length of rock mass expansion and the
axial ratio of the fracture is obtained through analysis, as
shown in Fig. 9(b). It can be seen from Fig. 9(b), as the ratio
of the long and short axes of fractures increases, the fracture
propagation length gradually decreases. The results show
that the shorter and wider the preexisting fissure of stone
monument rock mass is, the more obvious the damage of
root splitting becomes.
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Fig. 6. Stress distribution in tuff stone monument rock mass.
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Fig. 8. Curve of tensile stress variation at crack tip of tuff stone
monument rock mass

Fig. 10 shows the fracture propagation path diagram of tuff
stone cultural rock mass under different root growth
expansion factors. As can be seen from Fig. 10, the
influences of different root growth expansion factors on the
fracture expansion of rock mass are greatly different. When
0=0.001, the fracture expansion does not occur; when
0=0.003, the fracture expansion occurs on one side of the
long axis; when a=0.005, the fracture expansion occurs on
both sides of the long axis. This indicates that the root
splitting has a time accumulation effect on the crack
expansion of stone monument, and the crack expansion
develops from unilateral expansion to bilateral expansion as
the root volume increases during the growth process.
Therefore, without considering the growth activity of plant
root, the more rapidly the roots grow and expand, the more
obvious the damage to stone monument is.
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Fig. 9. Root splitting deformation of tuff stone monument rock mass.

4.4.2 Expansion path of root growth expansion factor
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Fig. 10. Fracture propagation path of tuff stone cultural rock mass.
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5. Conclusions

Taking tuff stone monument as the research object, the
mechanical mechanism of root splitting of stone monument
was studied, and the main conclusions are as follows:

(1) There is a negative correlation between the root
splitting expansion force and the crack morphology, and a
positive correlation between the root splitting expansion
force and the root growth expansion factor. There is a stress
concentration phenomenon at the crack tip.

(2) The root splitting expansion force and tensile stress
obtained by the equivalent thermal expansion method are in
good agreement with the analytical solutions. The stress
distribution of tuff stone monument under root splitting is
central, the influence scope of root splitting on that is limited,
and the tensile failure is mainly at the long axis.

(3) The fracture propagation of tuff stone monument
rock mass extends along the long axis direction, there is a
negative correlation between the length of the fracture and

the length of the axial ratio of the elliptic fracture, and the
fracture propagation path is different under different growth
and expansion factors.

Though the variations of fracture deformation and
propagation path obtained from the simulation results are
consistent with the actual failure characteristics of the tuff
stone monument, the other influencing factors such as
physics and chemistry need to be considered in the next
study.
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