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The anchorage structure is a complex bearing system with undetermined failure modes.
According to component characteristics, the segmented diagram for the bearing
characteristics and the bearing structure at the anchorage segment were established. In
addition, we described the failure patterns of the subsystems of the anchorage structure
and further established the series model for the reinforced system by bolts. Moreover,
according to the total displacement and the time-dependent deformation characteristics
of the bolt, a non-linear creep model to analyze the viscoplastic deformation
characteristics of the M-C element was established. Furthermore, considering the shear
strength of the anchored soil, it was assumed that the cohesion and the internal friction
angle were random variables following the Weibull distribution. Using the modified
first-order second-moment method (the JC method), the analytic expression of the
time-dependent index of the anchorage system was obtained. An example showed that
the variable coefficients of the cohesion and the internal friction angle were exponentially
and linearly related to the reliability index, respectively. Simultaneously, the reliability index
was exponentially related to time.

Keywords: anchorage, series failure mode, creep model, reliability, JC method

INTRODUCTION

Anchorage, with high bearing capacity, controllable deformation, and feasibility in complex
environment, has been widely used to reinforce geotechnical engineering and prevent engineering
failure. More importantly, because of the improvement in the shear resistance of the soil or the
rock, anchorage has been a hot Research Topic in transportation slope engineering, underground
engineering, and the slope in open mine (Eisawwaf and Nazir, 2006; Ivanovi and Neilson, 2008;
Sahoo and Kumar, 2012; Lin et al., 2013; Martin et al., 2013; Zhao et al., 2016). Previous studies
extensively analyzed the distribution characteristics of the lateral resistance at the anchored
segment, the load-displacement relation, the ultimate pulling force, the loss of the prestress,
and the design optimization (Cai and Ugai, 2003; Kahyaoglu et al., 2012; Zhao et al., 2019a).
Generally, the mechanical properties of the anchorage structure are assumed to be constant.
Thus, the bearing capacity and stability are fixed. However, the influence of the uncertainty
of the anchorage material and the creep on the mechanical properties and the selection of
the design parameter are ignored. Further, this ignorance may misjudge the anchorage state
and cause engineering failure. Thus, it is of great engineering value to evaluate the long-term
stability of the anchorage structure and analyze the failure pattern. Underground erosion, chemical
corrosion, engineering vibration, and stress release may impair the bearing capacity, accelerate the
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prestress release, and increase the displacement. Thus,
engineering failure frequently occurs when the anchorage
parameters meet the design requirement (Wang et al., 2014;
Zhang et al., 2019). Considering the above complex conditions,
it is a great challenge to study the corresponding failure model,
the non-linear creep model, the reinforcement result, and the
stability reliability.

Previous researchers have extensively investigated the failure
model and the reliability of the anchorage structure. Windsor
(1997) established a reliability model according to the anchorage
structure in the tunnel and the stress—displacement curve of
the anchorage material. They further proposed the function for
reliability evaluation based on the residual stress. This model can
be applied in the relatively intact surrounding rock; however,
the effect of the accelerated displacement on the instability of
the anchorage was ignored in soft rock engineering. Phoon
and Ching (2015) obtained the distribution of characteristic
parameters and the characteristics of the probability density
based on the reliability analysis in anchored engineering.
They revealed the differences in the application of the mode
distribution, the normal distribution, the logarithmic normal
distribution, and the even distribution. Further, they concluded
that the extreme value distribution is more proper for the
calculation of the static reliability index. However, the effect
of service time on the anchorage parameters was ignored.
Thus, only temporary characteristics have been investigated.
Zhang et al. (2006) established a resistance reduction model by
analyzing the random process of the structural function. They
found that the resistance decreases with the increase in time,
whereas the variance increases with the increase in time. Duzgun
et al. (2003) investigated the planar failure model in the rock
slope and suggested that series analysis be conducted in the
reliability analysis. The above studies significantly contribute
to understanding the temporary reliability instead of the time-
dependent reliability of the anchorage structure. Especially,
the effect of the long-term strength on the reliability lacks
sufficient investigations.

In the calculation of the reliability, basic random variables
are first determined according to the failure mechanism and
the failure mode. Then, probability functions and distribution
functions are selected to analyze the variables. Moreover,
the calculation on the failure probability yields the reliability
index. Currently, approximation methods, including the first-
order reliability method (FORM), the second-order reliability
method (SORM), the Monte Carlo method (MCS), the statistical
moment method, the random finite-element method, and the
optimization method, are used to analyze the reliability indexes
because of the difficulty in integration. Among these methods,
FORM has been widely used because of the feasibility of the
determination of the function, the simplicity of the parameters
and the calculation process, and the high precision. However,
the large variation in the mechanical properties of the anchorage
material at various segments and the effect of environmental
factors may result in difficulties in determining the probability
distribution. On the other hand, the precision of the JC method
can meet the requirement even when the random variables are
undetermined and the simulation numbers are limited. Thus,

the present article analyzes the effect of the creep and time-
dependent characteristics on the reliability of the anchorage
system, considering the failure characteristics of the anchorage
components. We established the segmented diagram for the
bearing characteristics and the bearing structure at the anchorage
segment and further established the series model for the bolted
reinforced system. In addition, the analytic expression of the
time-dependent index of the anchorage system was obtained,
and the variable coefficients of the cohesion and the internal
friction angle are exponentially and linearly related to the
reliability index, respectively. Simultaneously, the reliability
index is exponentially related to time between the variance in
cohesion and internal friction angle, and the reliability indexes.

THE SERIES MODEL

Bearing Structure

The tension transfer of the bolt to the mortar is achieved by
the shear strength on the bolt-anchorage and anchoraged soil
interfaces (Wang et al.,, 2017; Zhao et al., 2019a,b). Thus, the
bearing capacity depends on the bond strength of the anchored
segment and the shear strength of the soil. Anchorage may
fail when debond or soil submit occurs. Extensive engineering
examples show that common anchorage failure includes shear
failure of the bolt and the mortar, the debond on the mortar-—
soil interface, the shear failure of the mortar, the tensile-shear
failure of the soil, the tensile failure of the bolt, and the local
compressive-shear failure of the anchorage end. The highly
concentrated shear stresses on the mortar—soil interface and in
the soil are responsible for dominating failures on the mortar-
soil interface and the shear failure of the soil. According to the
load transfer method and the failure pattern of the anchorage,
Figure 1 shows the bearing structure of the bolt and the shear
stress distribution.

The Anchorage System for the Multifailure

Series Model
Figure 1 shows that the anchorage system consists of the
anchorage end, the free segment, the anchored segment, the
mortar, and the surrounding soil. Clearly, many internal and
external factors may affect the load bearing stability. Thus, many
failure modes may occur. The present article divides this system
into three subsystems including the bolt system, the mortar
system, and the surrounding soil system. The failure of any
subsystem may result in the failure of the entire anchorage
system. Thus, the failure mode of the anchorage system is a series
system (Figure 2).

To facilitate the study on the failure probability of the
anchorage system, we assume that:

(1) The soil and the mortar are homogeneous materials.
(2) The loss of the prestress and the weight of the bolt
are negligible.

The failure theory of the series system vyields the failure
probability, P(X), and X,,(m = 1,2,------ 6) denotes the
failure events.
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FIGURE 1 | Shear stress and bearing structure: Iy, Iy, lu, If, I, Ip, and r5 are the anchorage length, the anchored boss length, the debond length, the free length, the
shear stress coupled length, the plastic radius of the anchored soil, and the radius of the anchorage.
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FIGURE 2 | Series model of the anchorage structure.
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where X;; denotes the failure mode of the mortar subsystem. i,
being equal to 1, 2, and 3, correspondingly denotes the shear
failures between the bolt and the mortar, the shear failure between
the soil and the mortar, and the shear failure in the mortar,
respectively. Xy; is the failure mode of the soil subsystem. i, being
equal to 4 and 5, denotes the tensile-shear failure in the soil and
the local shear failure at the anchor end. Xj; is the failure model

of the bolt subsystem, and i, being equal to 6, denotes the tensile
submit of the bolt.

According to the six independent failure modes, the failure
probability is:

Pf=1—‘191 (1—Pp) )

i=1

where Py, denotes the failure patterns.

Considering the shear failure between the soil and the mortar
and the shear failure in the soil, the failure probability of the
anchorage system is (Ditlevsen and Madsen, 1996):

Pf = max(Pfl,sz) (3)

where Py and Py, are the failure probabilities of the mortar
subsystem and the soil subsystems, respectively.
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CREEP CHARACTERISTICS AND
TIME-DEPENDENT RELIABILITY

The Non-linear Creep Model and the
Time-Dependent Shear Resistance

Characteristics

The strength of the bolt is much larger than that of the soil
or the mortar; thus, the elastic deformation instead of the
negligible plastic deformation of the bolt dominates. In addition,
the plastic deformation of the soil, characterized by accelerated
deformation, is the maximum (Equation 7). In the creep analysis,
the M-C plastic element is used to depict the accelerated creep
deformation. Simultaneously, elastic and plastic deformation
may form under the instantaneous load. The traditional plastic
element can depict the corresponding plastic deformation. The
total bolt displacement (S7) consists of the displacement at the
free segment (Sy), the displacement at the anchored segment
(Sa), and the relative shear displacement on the soil-anchorage
interface (S;).

ST:Sf+Sa+Ss (4)

The total displacement of the soil (sy) consists of the
displacement at the anchored segment (s,,) and the compressed
displacement at the anchorage end (s,).

Sst = Ssa = Ssf — Ssh (5)

Figure 3 shows the creep model of the anchorage system with
three stages, considering the constituent of the structure and the
displacement characteristics of the anchored material.

For the elastic strain, &yc, of the soil, the one-dimensional
function criterion (Mohr-Coulomb criterion) is:

1 1
F=—-0+ Jossing +ccosg (6)

The viscoplastic strain rate of the M-C plastic element is (Wang
and Li, 2008):

_%as+%assin<p+ccos<p]( 1 N 1
Fo 272

enc = el sing)  (7)

where ¢, ¢, and Fj are the cohesion, the internal friction angle,
and the initial strength of the soil. Equations 6 and 7 yield the
plastic strain.

The shear force of the bolt is responsible for the creep stress.
When the shear stress is lower than the shear strength, the creep
of the structure consists of attenuation creep and stable creep;
otherwise, non-linear accelerated creep may occur.

The failures on the interface between soil and anchorage
may damage the soil-anchorage structure. The cohesion and the
internal friction angle are the main indexes for the soil strength.
Extensive studies have shown that the cohesion and the internal
friction angle continuously vary under constant load. In addition,
shear strength frequently decreases. Thus, the creep property
is critical to the stability of the anchorage structure. The time-
dependent characteristics of the internal friction angle and the

cohesion, the initial creep strength, and the long-term shear
strength can satisfy the Mohr-Coulomb criterion (Wang and Li,
2008; Zhao et al., 2017a,b; Zhao et al., 2018):

Tof = otangp + ¢ (8)

Too = Optan@es + Coo 9

where ¢y and ¢ are the initial and long-term cohesion,
respectively; ¢p and ¢ are the initial and long-term internal
friction angle, respectively; tofand toare the initial and long-
term shear strength, respectively; oy, is the normal stress.

With the shear creep results (coo/co = 1/3 ~
1/8, tangso/tangy =~ 1) (Wang and Li, 2008), the ratios
of the long-term values to the initial values are:

Co/c0 = 1/5
tangso/ tangy = 1,

The shear creep results show that the cohesion for the specific
time is non-linear to the load time and can be written as:

ct/co=at™ +b (10)

where ¢; and ¢ are the time-dependent cohesion and the creep
time, respectively; a and b are experimental coefficients, m is an
experimental constant.

With the definition condition:

(1) t=0, ¢//co=1;
(2) t— 00, ¢t/co=10.2,

Substituting into Equation 10, the coefficients a and b can be
written as:

a=0.8, b=02

Based on the logarithm form of Equation 10, the assumptions are
as follows:

Y = In(ct/cp) — 0.2 (11)
X = lntt (12)

Thus, the linear equation is:
Y = mX +1n0.8 (13)

Then, the least-squares method yields the experimental constant,
m. In the present article, m is equal to -1. Thus, the exponential
equation of the time-dependent cohesion is:

¢ = c0(0.8:71 +0.2) (14)

Random Analysis of the Anchorage

Parameters

The environmental variations and the uncertainties of the
mechanical parameters of the soil may significantly affect the
anchorage stability. The mechanical parameters of the anchorage
structure include the mechanical properties of the soil, the
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FIGURE 3 | Creep model of the anchor structure: Es1, Esp, ns1, ns2, and s are the elastic modulus, the viscoelastic modulus, the viscoelastic coefficient, the viscosity
coefficient, and the shear strength of the soil, respectively; E; is the elastic modulus of the free segment; E41, Ea2, and n, are the viscoelastic modulus, the viscoelastic
coefficient, and the viscosity coefficient of the anchored segment; Eg, 1, and t are the elastic modulus, the viscoelastic modulus, and the shear strength of the mortar.

bond strength on the interface, and the mechanical properties
of the mortar and the reinforcement. Among these properties,
the shear strength of the soil and the bond strength on the
interface are critical. The cohesion and the internal friction
angle of the soil, significantly affecting the reliability, are
frequently random. The composition and the grain size of the
soil, the environmental conditions, the stress conditions, the
experimental methods, etc., are responsible for the randomness
(Duncan, 2000). Practically, the internal friction angle and the
cohesion are independently analyzed because the ignorance of
the self-correlation can facilitate the calculation. In addition,
the divergence on the correlation between these parameters
prevents further investigation on the reliability. Moreover, the
complication of the correlation coefficient hinders the calculation
of the correlation coeflicient. Furthermore, the design selection
in the present regulations depends on the standard variation and
the variation coeflicient of the internal friction angle and the
cohesion instead of considering the correlation coefficient.

The failure of the subsystem is responsible for the failure of
the series anchorage system. Especially, the shear failure on the
soil-anchorage interface significantly affects the stability of the
system. Thus, the shear resistance is treated as the condition for
the anchorage system stability. However, the anchorage failure
depends on the minimum shear strength; in other words, the
soil can reach the shear strength. Thus, in the present article, the
failure mode of the subsystem, X,,,(m = 1,2,3;n = 1,2,- -

- - 6), is the random variable. The cohesion and the internal
friction angle are the basic random variables with a Mode III
Weibull distribution.

The probability function of the Weibull III distribution is:

Fo) = { 2x— y)m—l exp[_(x—;/)m] . o)

0 X<y

The distribution function is:

F(x,m,a,y) =1—exp {—[(x — y)/a]"} (16)
where x, m, a, and y are the basic random variable, the
shape parameter, the dimensional parameter, and the location
parameter, respectively.

The distribution parameters are predicted based on the
moment method. Then, the total moment is obtained based on
the sample moment. Then, the location parameter, the shape
parameter, and the dimensional parameter can be obtained based
on the first-, second-, and fourth-order moment.

N 2
_ _mms—mi

Vo= my — 2my + my 4
S In2 (18
"= Talim = ma)/(my — ma)] )
a = (m—y)T(L+1/m) (19)

n—1
m; = Z (1 —j/n)i(xj+1 —xj), x0 = 1,2,4

j=0

Principles of the JC Method
The JC method is an internationally accepted method that is used
to analyze safety reliability (Ditlevsen and Madsen, 1996). The JC
method, based on the modified first-order second moment, can
calculate the failure probability of the most dangerous structural
point. It can change the non-normal random variables into
normal random variables. With the Weibull distribution, the
equivalent normalization is as follows:

For the verification point X*, the distribution function of the
normal random variable (X’) is equal to the distribution function
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of the Weibull random variable (X). In other words, Fx(X*) is
equal to Fx(X™):

X* X*

X* — uy
(X = | fx0dx = [ foX)dxX = o(——EX)
—o0 -0 ox’
(20)
Equation 20 yields that:
X* — /
2R o R (X)] (21)
ox’

Furthermore, the average value of the equivalent normal
variable is:

nx = X* — QD_I[F)((X*)]U)(/ (22)

Similarly, the probability density function of the normal random
variable is equal to that of the Weibull random variable for the
verification point X*. Thus, the probability density function is:

1 (X* — px)?
X* = exp|l————m
P = e enpl= )
X*— g 1
= (X (23)
ox/ ox/

With Equation 21, this function can be written as:

A = g {0 [Fx(x)]) (24)
ox/

The standard deviation of the equivalent normal variable is:

g { @7 [Fx(X")]}

X)) (25)

Gx/ =

Using the modified first-order second-moment method, the
reliability index, B, and the failure probability, Py, are:

ﬁ: 337% x(px; — X7)

p="0 = — 26)
[i; (rj‘é X*UX,-) B

Pr = 1-®(B) (27)

where ¢(-) and ®(-) are the normal probability function and
the distribution function, respectively; fx(-) and Fx(-) are the
probability function and the distribution function of the non-
normal random variable, respectively; g(-) is the function of the
anchorage structure; py and oy are the mean value and the
normal deviation of the normal variable, respectively.

The Calculation of the Time-Dependent
Reliability
Currently, the reliability calculation of the anchorage structure is
based on the constant load, resulting in instantaneous reliability
indexes. However, the time-dependent index is non-negligible.
In the load transfer process, shear stress is non-linear. However,
the anchorage effect depends on the shear resistance and
varies with the increase in time. Thus, the stability reliability
continuously varies.

With the load distribution in Figure 1, the axial stress along
the bolt at the specific point is:

3Py}

= — 28
7 2w R® (28)

where R is the distance between the anchorage end and the

point in the anchorage body. P is the concentrated load at the

anchorage end, obtained by the load transfer at the bolt end.
Further, the axial stress on the anchorage-soil interface is:

3Px3
o=— 2% (29)

5
27 (x2 4+ 1,2)2

where 7,2 is equal to y* + z? and o is the axial stress.
Considering the shear failure probability, the axial stress on
the residual bearing interface is (Duncan, 2000):

3Px3
o=— 2% (30)

5
27 (x2 + 1p?)2

where r,? is equal to y* + 2.

According to the definition of the shear stress on the interface
and of the anchored soil, Equation 30 yields the shear stress of the
anchored segment:

2(L,—x)GsGg

P

G;G, 3
359G p(r, — %) ‘
G e GeraEg In fa (31)

7(x) = 5 .
27 (x2 + 1p?)2EgIn i

where Gy, G, G, Eg, 1p, Vs, and [, are the shear modulus of the
soil, the shear modulus of the mortar, the shear modulus of the
anchorage body and the residual soil, the elastic modulus of the
anchorage body, the radius of the residual bearing zone, Poisson’s
ratio, and the anchorage length, respectively.

Equation 31 infers that the shear stress gradually decreases
along the bolt length and is equal to zero at the bolt end. The
shear stress reaches the maximum value ahead of the anchored
segment. In other words, the ultimate shear strength has been
fully utilized.

According to the M-C criterion, the shear strength,
considering the time-dependent effect, is:

T =optang + ¢ (32)
With Equation 14, the shear strength is as follows:

Tf = optang + c0(0.8t71 +0.2) (33)
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The normal stress, 0, of the anchored soil is: where ys, ¢, and ¢; are the density, the internal friction angle, and
the time-dependent cohesion of the soil, respectively.
on = 0.25(1 — vg)lpys (34) In the calculation process of the structure reliability, the safety
margin is used to define the function, Z, of the shear strength of
With Equations 33 and 34, the shear strength is as follows: the anchorage material.
'L'f = 025(1 — Us)lh)/s tang + ¢; (35) 7 — g(R: S) (36)

The limit state equation is:
TABLE 1 | Physical mechanical parameters of soil.

) - o E, R R Z=R-S=1—-1(x)=0 (37)
/KN/m3 1% /MPa /kPa r

where the shear stress, 7(x), and the shear strength, Ty, are
18.2 18.9 0.34 9.2 21 12

determined by Equations 31 and 35.

TABLE 2 | The physical calculation parameters of anchor structure.

Esq Es2 Ns1 Ns2 Ef Eaq Ea2 Na Eq4 g Tf
/MPa /MPa /MPa.d /MPa.d /GPa /MPa /GPa /MPa.d /MPa /MPa.d /kPa
4.5 1.27 8.8 21 210 516 37 485 150 278 390
A
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FIGURE 4 | Curve of reliability index and shear strength: (A) Curve of the reliability index and the internal friction angle, (B) Curve of the reliability index and
the cohesion.

Frontiers in Earth Science | www.frontiersin.org 7 March 2020 | Volume 8 | Article 44


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wang et al.

Creep Model

14 r
=2
8 10
&
ol
6 f
z
g 2 t
&2 <
0 1 1 1 1 1
0 100 200 300 400 500 600
Creep time ¢
FIGURE 5 | Curve of reliability index and creep time (Unit: h).

With Equations 26 and 27, the linear analysis of the function
derives the time-dependent index:

nz
B(t) = =
oz
3g(z,7(x) 9g(z7,7(x))
L e — &) + T | (1 — 0)
- 2 23 (38)
9g(t7,7(x)) 0g(ts,7(x)) 2
(55 qom ) + (P55 lovow) |
CASE STUDY

According to the bearing characteristics of the anchorage
structure, a tension-bolt anchorage structure was analyzed. The
soil consists of homogeneous viscous clay with a random
cohesion and an internal friction angle. To study the effect of the
cohesion and the internal friction angle on the time-dependent
index, the effect of the soil subsystem on the anchorage
stability was mainly analyzed, considering the dominate failure
characteristics. In addition, the effect of the bolt subsystem and
the mortar subsystem is ignored. The soil subsystem mainly
affects the variability of the cohesion and the internal friction
angle. Extensive studies showed that the variability coefficient of
cohesion, V, frequently range from 0.5 to 0.8. The corresponding
variability span for the internal friction angle is 0.05-0.45. On
the variability coefficient of the cohesion and the internal friction
angle, for the cohesive soil, the larger value is taken, while for the
sand soil, the smaller value is taken. These values are negatively
related to the grain size. In the present article, the initial values of
the cohesion and the internal friction angle were 20 kPa and 10°,
respectively. Tables 1, 2 list the other parameters.

Figure 4 shows the relation curves of the reliability index
and the main mechanical parameters. Clearly, the reliability
index linearly decreases with the increase in the variability
coefficient of the internal friction angle, V. Simultaneously,
it exponentially decreases with the increase in the variability
coefficient of cohesion, V.. When V¢ is higher than 0.3, the
reliability coefficient approximates 0.4 and remains constant.

Thus, the failure on the soil-anchorage interface is more sensitive
to the cohesion.

Figure 5 shows the curve of the reliability index and the creep
time. Clearly, the reliability index exponentially decreases with
the increase in the creep time. In other words, the increase in the
creep time can promote the failure probability.

CONCLUSION

The analysis shows that the failures at the anchorage-soil
interface and of the soil are dominant. According to the
deformation and stress characteristics, we obtained six types
of failure modes with independent failure characteristics and
revealed that series failure is frequent. In addition, the non-linear
creep model was established and the influence of shear stress
transfer of the bolt on the accelerated creep was investigated. We
further verified that the effect of the shear strength is critical to
the anchorage failure mode. The shear creep results showed that
the cohesion instead of the friction angle is more time-dependent.
Moreover, the calculation of the random anchorage parameter
and the time-dependent reliability showed that the least shear-
resistant zone determines the failure scope of the anchorage. By
defining the safety residual shear strength, we inferred that the
reliability index is linear to the variation coefficient of the internal
friction angle and is exponential to the variation coeflicient of
the cohesion. Furthermore, the failure at the anchorage-soil
interface is more sensitive to the cohesion instead of the internal
friction angle.
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