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Study on the Group Anchoring Effect of Retractable Anchor Cables and

Parameter Analysis
YE Shuaihua!, ZHANG Pengxu!, XIN Liangliang' ,Bassam Z. Mahasneh? , ZHENG Jiaxuan!
(1. School of Civil and Hydraulic Engineering, Lanzhou University of Technology, Lanzhou, Gansu 730050, China;

2. Civil and environmental engineering department, Mutah university, Al Karak, Karak Governorate 61710, Jordan)

Abstruct: The group anchor effect of recoverable anchor cable directly affects the overall bearing capacity of foundation pit
supporting structure, but there is no systematic quantitative analysis method at present. In this paper, the calculation model of bearing
capacity of single recoverable anchor cable is constructed, and the calculation formula of bearing capacity is derived. Then, based on
the actual arrangement of group anchors, the calculation model of additional force transfer of adjacent anchor cables in the upper,
lower, left and right layers is established, and the formulas of additional force in each direction are derived, and the group anchor
effect coefficient is used as the quantitative index. By comparing the theoretical calculation results of this paper with the theoretical
and numerical simulation results of the existing literature, the rationality of the calculation method is verified. The results show that
the group anchor effect coefficient increases with the increase of soil cohesion and anchor cable arrangement spacing, and decreases
with the increase of anchor cable arrangement inclination, calculation of anchor cable anchorage section length and transmission
anchor cable anchorage section length. The research results can provide theoretical support and quantitative basis for the design of
recyclable anchor cable group.

Key words: Retrievable anchor cables; group anchoring effect; excavation engineering; additional force; group anchoring effect

coefficient

1 Introduction

With the development of urban underground space in China to larger, deeper and more complex conditions,
the scale and difficulty of deep foundation pit engineering continue to increase, and higher requirements are put
forward for the anchorage bearing capacity, stability and economy of the support system [1-6]. Recyclable anchor
cable [7-10] has been gradually popularized and applied in major projects such as foundation pit of large-scale
high-rise building, underground pipe gallery and rail transit hub by virtue of its advantages of recyclable
utilization, no underground residual pollution and adaptability to green construction concept. The ultimate pullout
resistance and failure mechanism of single anchor cable have been preliminarily clarified [11-13]. However, in
practical engineering, the bearing capacity of single anchor cable is often difficult to meet the anchoring
requirements of large and complex deep foundation pit, and the anchor cables usually need to be densely arranged
in the form of group anchors, which provide sufficient support resistance through the cooperation of multiple
anchor cables, and the group anchor arrangement has become the mainstream form of recoverable anchor cable
engineering application, The technical challenges arising from the group anchor effect are becoming increasingly
prominent. For example: When multiple cables are densely arranged, the stress fields of adjacent cables overlap

each other and the deformation of rock and soil coordinate with each other, which leads to uneven load
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distribution in the cable group, early failure of some cables due to overload, and significant reduction of overall
anchoring efficiency. At present, scholars have made certain research progress and fruitful achievements in the
research of anchor group effect. Pei Yajian [14] gave a calculation method of anchor group effect coefficient on
the basis of improving the shear stress of central anchor cable and considering the stress superposition of
surrounding anchor cables; Lu Ruina [15] deduced the pull-out bearing capacity of single anchor rod and anchor
group effect coefficient on the basis of anchor group failure mechanism and pile group method, and proposed
increasing burial depth to reduce anchor group effect. Both of them aim at quantifying group anchor action and
improve anchor structure calculation system. Chen Chen et al.[16] found through group anchor pull-up model test
of continuous spherical enlarged anchor that the influence range of soil displacement in elastic stage is the largest
when shallow buried, and the influence range of displacement in elastoplastic stage is the largest when deep buried,
and the incremental displacement first expands and then contracts. Pang Youshi et al.[17] showed that group
anchor effect is significantly affected by rock and soil properties, and the influence of anchor spacing in rock mass
is small, and the influence in soil layer is large. Ghaly[18] and Hanna[19] obtained from the screw anchor test in
sand that the pullout performance of the group anchor depends on the diameter, burial depth, spacing, sand
strength and embedding process. Huang Hongyang [20] combined the group anchor pullout test and numerical
simulation to analyze the influence of burial depth and anchor spacing on the anchor body. Qiao Jiangang et al.[21]
established the pullout bearing capacity model and discrete element model of the anti-floating anchor, and found
that when the anchor pile spacing is 4D, 6D, and 8D, the axial and shear stresses first increase and then decrease
and tend to be stable. In order to quantitatively analyze the anchor group effect of recoverable anchor cables, a
bearing capacity calculation model of single recoverable anchor cable is established and its bearing capacity
calculation formula is deduced. Based on the calculation model of cable bearing capacity and the actual
arrangement of group anchors in foundation pit engineering, the calculation models of additional force transfer
between upper layer, lower layer, left side and right side adjacent cables are established respectively, and the
calculation formulas of additional force in each direction are deduced, and the group anchor effect coefficient is
taken as the quantitative index of group anchor effect. Finally, the influence of soil cohesion, cable spacing, cable

inclination and cable anchorage length on the group anchor effect coefficient is discussed.

2 Group anchor effect of recoverable anchor cable

The anchor group effect is that multiple recyclable anchor cables are arranged at a certain spacing. After

being tensioned, the stress fields of the individual anchor cables overlap and affect each other, making the stress
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state of the soil in the anchorage zone significantly different from that of the individual anchor cables acting

independently. Figure 1 (a-b) is a schematic diagram of the anchor group effect of recyclable anchor cables.
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Fig. 1 Schematic diagram of anchor group effect of recoverable anchor cable

In Figure 1 (a-b), AP1. AP, and AP; are the partial weakening of the upper, lower, left and right transfer
cables to the calculated cable capacity, respectively. Taking three rows of recoverable anchor cables as an example,
if one recoverable anchor cable is selected as the research object (calculation anchor cable), other recoverable
anchor cables (transfer anchor cable) will be arranged horizontally and vertically, and the mechanical action of the
transfer anchor cable will weaken the bearing capacity of the calculation anchor cable.The total weakening amount
is the superposition value of the partial weakening amounts AP AP, and 2APs. In order to calculate the effective
bearing capacity of recoverable anchor cable under the influence of anchor group effect, it is necessary to consider
the additional forces transmitted by adjacent cables on the upper side, lower side, left side and right side of the

anchor cable, and carry out classified discussion.
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3 Calculation model of group anchor effect of recoverable anchor cable

3.1 Calculation model of bearing capacity of single recoverable anchor cable

Before calculating the bearing capacity of recoverable anchor cable under the effect of anchor group, the
force analysis of single anchor cable shall be done:

(1) Assuming that the angle between the fracture line of homogeneous soil layer and the horizontal line of
ground is 45°+¢/2, the soil resistance and tensile strength outside the fracture plane are not considered;

(2) Because there is a certain inclination angle in the layout of recoverable anchor cable, the fracture plane
shape of recoverable anchor cable is assumed to be irregular awl shape;

(3) Ignoring the influence of anchor body diameter of recoverable anchor cable;

(4) Assuming that the lateral pressure coefficient of soil is 1, the recoverable anchor cable is in hydrostatic
pressure state;

(5) Assuming that the fracture angle is 0, according to relevant data [15, 22], 0 is between 30° and 40 °.

The calculation model of bearing capacity of single recoverable anchor cable is shown in Figure 2. where P is
the bearing capacity of the anchor cable, H is the distance from the bottom of the anchor cable to the ground, ¢ is
the normal stress at the fracture surface, 7 is the shear stress at the fracture surface, 4, is the length of the free
section of the anchor cable, /4, is the length of the anchor cable, A is the bottom of the anchor cable, B is the
intersection of the fracture surface at the lower part of the anchor cable and the fracture line, C is the intersection
of the fracture surface at the upper part of the anchor cable and the fracture line, and O is the boundary point

between the anchor cable and the free section.

Fig. 2 Calculation Diagram of Failure of Single Anchor Cable

The stress along the recoverable cable axis at the fracture plane is:
r=—yHsin+(yH tanp+c)cos 6 (1)

In equation (1), v is soil weight, ¢ is soil cohesion, @ is soil internal friction angle.
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The fracture plane shape of the cable is developed laterally and configured as a regular fan, as shown in
Figure 3, where L; is the length of AB, L; is the length of AC, ¢ is the angle of the fan, and / is the chord length of

the fan.

Fig. 3 Schematic Diagram of Regular Sector of Fracture Surface Structure

The projection radius can be expressed as L;sin6), o can be expressed as 7 sinf, / can be obtained by cosine

theorem:
I=\+ L2 -2LL,cos(5/2) Q)
From the sine theorem:
L L 3)
sin(6/2)  sin(90°—n/2) sin(90 +n/2-5/2)
l L +L
S (4)

sing cos(n7/2)

From equations (3) and (4), equations (5) and (6) can be obtained:

Lsin(5/2)
1 =2arccos — %)
L, = L L (6)
P 2sinp(n/2)
Sector area S is:

S=n(L,+L) ~L,(L, +L,) siny (7)

In this case, the bearing capacity of the recoverable anchor cable can be obtained from Equation (8):

P= [—;/Hsinﬁ +(yH tan 0 + c)cos@]

®)

-[U(L2 +LY -L(L+L) sinﬂ

3.2 Calculation model of additional force transmitted by recoverable anchor cable in upper layer
If adjacent retrievable cables are used to calculate the distance H; above the cable, the calculation model is
shown in Figure 4 below. where P is the bearing capacity of the anchor cable, the anchor cable layout inclination

angle is a, the fracture surface angle is @, H is the distance from the bottom end point of the anchor cable
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anchoring section to the ground, A; is the length of the free section of the anchor cable, A; is the length of the
anchor cable anchoring section, A4 is the bottom end point of the anchor cable, B is the intersection point of the
fracture surface and the fracture line at the lower part of the anchor cable, C is the intersection point of the fracture
surface and the fracture line at the upper part of the anchor cable, and O is the boundary point between the anchor
cable anchoring section and the free section., p; is the average stress transmitted from the upper anchor cable to
the fracture plane of the calculation anchor cable, /y is the distance from the overlapping area I constructed to the
fracture line, A3 is the length of the free section of the upper transmission anchor cable, A4 is the length of the
anchoring section of the upper transmission anchor cable, D is the bottom point of the transmission anchor cable,
E is the intersection point of the fracture plane and the fracture line at the upper transmission anchor cable, H is
the intersection point of the fracture plane and the fracture line at the lower part of the upper transmission anchor
cable, F is the boundary point between the anchoring section and the free section of the upper transmission anchor

cable, I, C, H is the intersection of two fracture planes..

H,|
H
P

Figure 4 Calculation model of load transfer of upper layer anchor cable

Assuming that the fracture range of each cable is similar, there is:

ZEFD=/COA=45 +¢/2+a
/FHD=/0BA=45 +¢/2+a -0
ZHFD=/BOA=135 —¢/2—a

LFED =/Z0CA=135 -¢p/2-a -0

In ACOA and AEFD the sine theorem gives:

hy _oc AC
sin(l35°—(p/2—9—a) sin@ sin(45°+¢)/2+0{) (9)
h, FE DE

sin(135'-p/2-0-a) Tsing sin(45° +¢p/2+a)

From equation (9) we obtain:
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OC =h,sin0/sin(135° -/ 2-0-c)

h,sin(45" +¢/2+a
AC=— 45 +p/2+a)
sm(l35°—(o/2—9—a)
(10
FE =h,sin0/sin(135 —p/2-0-a)
h4sin(45°+(p/2+a)
DE =
sin(l35°—go/2—9—a)
The same can be said:
OB =h,sin@/sin (45 +¢/2+a—0)
3 h2sin(135°—go/2—a)
_sin(45°+¢7/2+a—9)
FH =h,sin0/sin(45 + ¢/ 2+ -0)
h4sin(135°—(p/2—a)
_sin(45°+go/2+a—9) an
Figure 3.3 shows:
OF =H, cosa/sin(45°+(p/2+a)
BC=h,sin@/sin(45 +¢/2+a-0)
+hysin@/sin (135 -p/2-a-0) (12)

HE = h,sin@/sin(45 +¢/2+a-0)

+h,sin@/sin (135 -p/2-a—0)
CHI for the overlapping part of the two fracture planes, i.e., the transmission part of the calculation cable, the

calculation idea is the same as that of single cable calculation, Let IH length be L4, IC length be Ls, In ACHI,

we can obtain by sine theorem:

CH _ L, _ Ls (13)
sin 26 sin(135°—(§—9—a) sin(45°+‘§+a—9j

In equation (13), CH=OC+FH-OF, all lengths have been derived. From equation (13), we can obtain:

. =sin(l35°—¢7/2—0—a)-CH

4 .
sin 26 (14)
. sin(45" +¢/2+a—0)-CH
s sin 20

The following results are obtained by applying the same regular sector structure to the overlapping part:

L,sin (5, /2)]

1

n =2arccos{ (15)
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162 L= L (16)
° 2siny, (n,/2) ’

163 The overlapping sector area S is:
164 S, = (L + L)' =Ly (Ls + L ) siny (17)
165 Assuming that the forces transmitted by the upper cable to the calculated cable are uniformly distributed, the
166  average stress pj is:
167 !

P1:§<P10+Po) (18)
168 In equation (18), p; andp, are the stresses transmitted at the beginning of the cable and to the fracture plane,
169  respectively.

P
P (b1, ) wan6-HE /2
170 . ! (19
_ P
Do b tan 6 HE /2
171 in equation (19) can be obtained from the similarity relation.
172 Therefore, the shear stress transmitted by the upper cable along the cable axis can be expressed as:
173 7, = p,-(1-sin@cos O tan @) (20)
174 From equations (20) and (17), the additional force AP, transmitted by the upper anchor cable can be obtained
175 as:
AR =1,-8, =] p,-(1-sinfcosOtan ) |
176 R , 2D
-[771 (Ly+Lg) —Li(Ls+ L) smnl]

177 3.3 Calculation model of additional force transmitted by recoverable anchor cable in lower layer
178 When the retrievable anchor cable transmitted is used to calculate the distance of A, under the anchor cable,

179 the calculation model is shown in Figure 5 below.

180 L

181 Fig. 5 Calculation Model of Load Transfer of Lower Anchor Cable
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Where P is the anchor cable bearing capacity, Anchor cable laying inclination is a, The fracture plane angle is
0, H is the distance from the bottom point of the anchor cable anchoring section to the ground, /; is the length of
the free section of the anchor cable, A; is the length of the anchor cable anchoring section, A is the bottom point of
the anchor cable anchoring section, B is the intersection point of the fracture plane and the fracture line at the
lower part of the anchor cable anchoring section, C is the intersection point of the fracture plane and the fracture
line at the upper part of the anchor cable anchoring section, O is the boundary point between the anchor cable
anchoring section and the free section, p; is the average stress transmitted from the lower anchor cable to the
fracture plane of the calculation anchor cable, Iy is the distance from the overlapping area I; constructed to the
fracture line, hs is the length of the free section of the lower transmission anchor cable, hgis the length of the
anchoring section of the lower transmission anchor cable, Dy is the bottom point of the lower transmission anchor
cable, E; is the intersection of the fracture plane and the fracture line at the upper part of the lower transmission
anchor cable, Hy is the intersection of the fracture plane and the fracture line at the lower part of the lower
transmission anchor cable, F; is the boundary point between the anchoring section and the free section of the
lower transmission anchor cable, Ii, B, E1 is the intersection of two fracture planes.
Assuming that the fracture range of each cable is similar, there is
ZEFED =/ZC04=45 +¢/2+a
ZFHD, =/Z0BA=45 +¢p/2+a—-0
/ZH FD =/BOA=135 -¢p/2-«a
LFED =/Z0CA=135 -¢@/2-a—-6
OC. AC. AB and BO can be obtained from equations (10) and (11), E;Fi. EiD;. F{H; and HiD; can be
derived from sine theorem:

- h sin(45° +(p/2+a)
LD = sin(135° —go/Z—H—a)

EF, =h;sin0/sin(135" - p/2-60-a)
22)
FH, = hysin0/sin(45 +¢/2+a—0)

0D - hg sin(135° —¢/2—a)
o sin(45°+(p/2+a—6’)

Figure 4 shows the geometric relationship:
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OF =H, cosa/sin(45° +(p/2+a)

H,E, = hgsin0/sin(45 +¢/2+a-0) (23)

+hysin@/sin(135" -/ 2-a—0)

BE 1l is the overlapping part of two fracture planes, i.e. the transmission part of the calculation cable. The

gives:

L, =sin(135° —(p/Z—H—oc)-BE1 /sin26
Ly =sin(45" +¢/2+a~0)- BE, /sin20

In formula (24), BE;=E;F;+BO-OF;, each length has been derived.

The same can be obtained,

L,sin(, /2)}

2

n,=2 arcco{

[
L =——2
’ 2sinn, (n,/2)

8

The overlapping sector area S is:
2 2 .
S, =m,(L+L,) —Ly(Ls+Ly) sinn,

Average stress py is:

1
Py :E(pz', +p0)
In formula (28):
P
pl0 = 2
z(hs—1,) tan@-H,E, / 2h;

P

Dy

" th tan6-HE, /2

Therefore, the shear stress transmitted by the lower cable is:

7, = p,-(1-sinfcosGtan )

From equations (29) and (27), The additional force AP- transmitted by the upper anchor cable is:

AP, =7,-S, =[ p,-(1-sin@cos O tan p) |

-[772 (L+ LY =L, (L + L, sinan

3.4 Calculation model of additional force transmitted by left and right recyclable anchor cables

calculation idea is the same as above. Let I;B have length L; , 1 E; have length Lg. In ABEI}, the sine theorem

24

(25)

(26)

Q27

(28)

(29

(30

When the distance between the transferred recoverable anchor cable and the left or right side of the calculated
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anchor cable is H3, take the transferred anchor cable arranged on the right side of the calculated anchor cable as an
example, make a section along the plane where the anchor cable is located and only reserve the fracture area of the
anchor cable segment. See Figure 6 for the calculation model diagram.(The vertical profile is the same as Figure 2
since the retrievable cables are arranged at the same height horizontally.) where P is the cable bearing capacity, A
is the bottom point of the cable, G is the intersection of the fracture plane at the left part of the cable and the plane
section, K is the intersection of the fracture plane at the right part of the cable and the plane section, O is the
boundary point between the anchor section and the free section of the cable, ps is the average stress transmitted
from the right cable to the side of the fracture cone of the cable, 4; is the bottom point of the cable transmitted
from the right side, G is the intersection of the fracture plane at the left part of the cable transmitted from the right
side and the fracture line, K; is the intersection point of fracture plane and fracture line at the lower part of right
transfer anchor cable, O is the boundary point between anchorage section and free section of right transfer anchor
cable, I3, K and G, are the intersection points of two fracture planes. Generally, the length of anchorage section of
recoverable anchor cable arranged horizontally is the same, so the length of anchorage section of two anchor

cables is /7.

Fig. 6 Calculation Model for Load Transfer of Right Anchor Cable

Since the lengths of the anchor segments of recoverable cables arranged horizontally are generally the same,

the approximate radius of the bottom circle of the fracture cone is R =h,tan@ , the bottom arc length of the stack
is 2Rarccos(H; /2RH,) . Since the area S3 of the upper superimposed portion cannot be accurately calculated, the

radius of the expansion sector is [(2R—H,)/2sind] .

H; 2R-H
S, = Rarccos —— ——— (3D
2RH, 2sin6
Average stress p; is:
1
P; :_(pzo +p0) (32)

2
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In formula (32):

) 2p

oy T an0(GK, /h,)
. ap

Po= 7h, tan 0G K|

Therefore, the shear stress transmitted by the right-hand cable is:
7, = py-(1-sin@cos O tan p) (33)

From equations (33) and (31), the additional force AP transmitted by the upper anchor cable can be obtained

as:

AP, =1,-8, = p,-(1-sin@cos O tan ) |
H; 2R-H, (34
RH, 2sin@

-Rarccos

3.5 Group anchor effect coefficient
At this time, the calculation formula for calculating the actual effective pullout bearing capacity of the anchor

cable should be revised as:
P =P—AP - AP, —2AP, (35)

In equation (35),P" is the effective bearing capacity of anchor cable calculated under group anchor
arrangement; P is the bearing capacity of single recoverable anchor cable.

At present, in the current codes of engineering field, the key measure of controlling anchor group effect is
adjusting the interval between adjacent anchor cables, and the related parameters are mostly given based on
engineering experience, and the systematic theoretical derivation of the action mechanism and quantitative method
of anchor group effect has not been carried out, which is difficult to meet the refined design requirements of new
support components such as recoverable anchor cables, and only empirical values are easy to lead to design
redundancy or insufficient safety reserve. Therefore, it is necessary to carry out quantitative analysis and research
on anchor group effect of recoverable anchor cable. In order to directly characterize the influence degree of anchor
group effect on pullout bearing capacity of recoverable anchor cable, anchor group effect coefficient psi is defined

as the ratio of effective pullout bearing capacity P of anchor cable calculated under anchor group arrangement to

pullout bearing capacity P of single recoverable anchor cable. The calculation formula is as follows:

P (36)
v P

The calculation result range of group anchor effect coefficient y should be [0, 1]. The closer the resultis to 1,
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the weaker the interaction between group anchors is, and the pullout bearing capacity of recoverable anchor cable
can be fully utilized. Otherwise, the stronger the interaction between group anchors is, and the pullout bearing

capacity of single recoverable anchor cable is obviously weakened.

4 Example Analysis and Verification

4.1 project overview

The recoverable anchor cable groups of the foundation pit engineering are all embedded in the loess layer,
with soil cohesion of 16.2kPa and heavy weight of 16.9kN/m3; the anchor cables are arranged in 3 rows and 3
columns; the horizontal spacing and vertical spacing are both 1.5m; The total length of the first and third rows of
anchor cables is 10m, the anchor section is 5m, and the free section is 5m; the total length of the second row of
anchor cables is 8m, the anchor section is 3m, and the free section is 5m; the anchor cable diameter is 150mm, and
the layout inclination is 15°. The parameters for comparative analysis of various methods are selected from the

project profile data.

4.2 numerical modeling
PLAXIS3D numerical simulation software is used to establish a recoverable anchor cable group anchor
pulling model, and the values of model simulation parameters are shown in Table 1.

Table 1 Model simulation parameters

severe cohesive force internal friction angle elasticity modulus
soil layer
kN/m3 kPa ° Mpa

loess 16.9 16.2 22.0 7.7

The anchor cable is calculated to be arranged at an inclination of 15°, with a total length of 8m, in which the
length of the anchor section is 3m and the length of the free section is Sm. The model size is 15m*x10mx10m.
Meanwhile, the calculation models of recoverable anchor cables affected by different parts such as upper layer,
lower layer and right side are established respectively to verify the rationality of each calculation model. The
transmission anchor cables are all arranged at an inclination of 15°, with a total length of 10m, wherein the anchor
section is Sm long and the free section is S5m long, which are respectively arranged at the upper layer 1.5 m, the
lower layer 1.5 m and the right side 1.5 m of the calculation anchor cable. The mesh size is divided into fine,
generating 18794 units and 29016 nodes, as shown in Figure 7 (a-d) below. Mohr-Coulomb strength criterion [23]
is adopted for soil constitutive model, point-to-point anchor element is adopted for free section of anchor cable,

embedded beam element is adopted for anchorage section, and boundary conditions of model are as follows:



300  bottom surface is completely fixed, side surface is normally fixed, and top surface is free boundary.

Recypiable unchor codle

301
302 (a) Drawing Diagram of Single Anchor Cable
‘Cimlp;llvl“lg anchor cable
Cf‘:hn;vn;- anclior cable
o
L
303 ‘
304 (b) Schematic Diagram of Group Anchor Pulling for Lower Anchor Line Transmission
8/’9“'"“ anchor cable
i
305
306 (¢) Schematic diagram of upper layer anchor cable transferring anchor group pulling
Transfer anchor cable
(,'nmpuu'.npi anchor cable
L
307 o
308 (d) Schematic Diagram of Right Anchor Cable Transfer Group Anchor Pulling
309 Fig. 7 Grid division diagram
310 Take the vertical section at 7m in y direction of transfer anchor group model in lower layer and upper layer,

311 and you can see the displacement nephogram of maximum bearing capacity of anchor cable, as shown in Figure 8

312 (a-b). Take the transverse section at 5.5m in z direction of transfer anchor group model in right layer, you can see
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the displacement nephogram when calculating maximum bearing capacity of anchor cable, as shown in Figure 8
(c). From the simulation results, it can be seen that the failure mode is basically consistent with the change of
theoretical calculation model, which fully proves the rationality of theoretical calculation model in this paper. The
calculation method of numerical simulation anchor cable bearing capacity is to apply load step by step. When the
load continues to rise, the model solution does not converge, and the displacement continues to develop and
cannot converge to the stable state, so it is judged that the structure reaches the critical state of instability failure.
According to the judgment principle of numerical simulation limit load, the load value calculated stably at the
previous level before instability is taken as the bearing capacity [24]. The anchor cable is arranged in layers
according to this method to calculate the bearing capacity, and the ratio thereof is taken as the group anchor effect

coefficient in numerical simulation.

(a) Displacements of anchor groups transmitted by lower layer cables
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(b) Displacements of anchor groups transmitted by upper cables

(¢) Right anchor cable transmits displacement nephogram of anchor group

Figure 8 Cloud map of anchor group displacement
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4.3 Comparative analysis

In order to verify the rationality of the calculation method of group anchor effect coefficient in this paper, the
theoretical calculation method in literature [14] and the numerical simulation calculation results in this paper are
used to compare with the calculation method proposed in this paper. See Table 2 for the results.

Table 2 Calculation results of anchor group effect coefficient of recoverable anchor cable

computing method

Literature Methods [14] numerical modeling the proposed method
arrangement
superstratum 0.873 0.804 0.847
lower layer 0.846 0.781 0.821
offside 0.862 0.793 0.835

It can be seen from Table 2 that the anchor group effect coefficient of recoverable anchor cable calculated by
this method is very close to the calculation results of existing theory and numerical simulation. The anchor group
effect coefficient of upper anchor cable after transmission is 2.6% smaller than that of original method and 4.3%
larger than that of numerical simulation; the anchor group effect coefficient of lower anchor cable after
transmission is 2.5% smaller than that of original method and 4.0% larger than that of numerical simulation; The
group anchor effect coefficient after the right anchor cable transmission is 2.7% smaller than that of the original
method and 4.2% larger than that of numerical simulation, and the reason why the calculation results in this paper
are smaller than those of the original literature is that the parameters considered in the literature are not
comprehensive, so the calculation results of group anchor effect are too conservative, and the group anchor effect
coefficient is larger. The reason why the theoretical calculation results are larger than the numerical simulation
results is that the basic assumptions are made, while the numerical simulation is more reductive to the actual
working conditions and more sufficient to quantify the interference, so the group anchor effect coefficient is
smaller. In summary, the difference between the group anchor effect coefficient calculated in this paper and the
original method and numerical simulation results is small, which proves the rationality of the theoretical

calculation method in this paper.

5 Parameter analysis

Because the anchor group effect coefficient is a parameter reflecting the influence of stress superposition on
anchorage performance in multi-anchor cable anchorage system, and the stress superposition range is different in

different regions, it is necessary to analyze the relevant parameters of anchor group effect coefficient involved in
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the corresponding mechanical models of upper layer, lower layer, left side and right side.

5.1 Parameter analysis of transfer-group anchor effect coefficient of upper layer anchor cable

Figure 9 (a-d) shows the transmission cable layout in the upper layer of the calculation cable, with different
influence parameters (soil cohesion ¢, arrangement spacing H;, arrangement inclination a, calculated anchor cable
anchoring section length /42), the curve of group anchor effect coefficient y varying with the anchor cable
anchoring section length /4 of the transmission anchor cable. From Figure 9 (a-d), it can be seen that the longer the
anchor cable anchoring section length /4 of the transmission anchor cable, the smaller the group anchor effect
coefficient v, because the overlapping range is expanding and the mutual interference is increasing; Secondly, the
larger the length of transfer anchor segment hs, the gentler the change of group anchor effect coefficient, which is
due to the fact that the interference degree tends to be stable when the superposition range of group anchors
reaches a certain extent. It can be seen from Figure 9 (a) that when other parameters are fixed, the group anchor
effect coefficient y increases significantly with the increase of cohesion c, because the larger c, the stronger the
integrity of soil, the higher the stress transfer efficiency among group anchors, the higher the group anchor effect
coefficient y, the smaller the reduction effect on the pullout bearing capacity of single anchor; It can be seen from
Figure 9 (b) that when all parameters are fixed, the larger the upper layer anchor cable spacing H; is, the larger the
group anchor effect coefficient v is, and the influence degree is much greater than other parameters, because the
anchor cable spacing directly determines the superposition range among group anchors. When the spacing
increases to a certain extent, the group anchor effect coefficient y gradually approaches 1, and at this time, the
group anchor can achieve the pullout bearing performance of single anchor; Figure 9 (c) shows that when other
parameters are fixed, anchor effect coefficient y decreases slightly with the increase of arrangement inclination o,
because vertical stress field superposition effect between adjacent cables is significant, Influence between anchor
groups upgrade, As a result, the group anchor effect coefficient psi will slightly decrease, but the difference will
not be too large; it can be seen from Figure 9 (d) that the calculated anchor cable anchoring section length h,
increases, and the group anchor effect coefficient w will decrease, because with the increase of the calculated
anchor cable anchoring section length hy, the overlapping area will be wider, and the influence between the group
anchors will become greater, and the weakening effect on the calculation of the uplift bearing capacity of the

anchor cable will be more obvious, and the group anchor effect coefficient y will decrease.
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Fig. 9 Influence of transmission parameters of upper layer anchor cable on group anchor effect coefficient

5.2 Parameter analysis of transfer-group anchor effect coefficient of lower layer anchor cable

Figure 10 (a-d) shows the variation law of anchor group effect coefficient y with anchor length he of
transmission cable under the influence parameters of soil cohesion c, arrangement spacing H», arrangement
inclination o and anchor length h; of calculation cable. Figure 10 (a-d) shows that anchor group effect coefficient
w shows a decreasing trend with the increase of anchor length he of transmission cable, and the curve gradually
tends to be gentle, which is consistent with the analysis conclusion of upper layer anchor cable transmission in 5.1
of this paper. Comparing Figure 9 (a-d) and Figure 10 (a-d), it can be seen that under the same parameter
conditions, the variation degree of anchor group effect coefficient caused by lower layer transfer anchor cable is
generally greater than that of upper layer transfer anchor cable, which indicates that the weakening effect of lower
layer anchor cable on the calculation of anchor cable pull-out bearing capacity is more obvious. This is mainly
because the lower layer anchor cable is located in the middle and lower part of the calculation anchor cable
fracture cone, and the soil in this area is more likely to reach the shear strength limit, causing local failure, thus
leading to anchor cable failure. According to the influence trend of each parameter, when other parameters are
constant, the anchor group effect coefficient y increases with the increase of cohesion ¢ and lower layer anchor

spacing H>, and decreases with the increase of arrangement inclination o and calculated anchor length h,.
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Fig. 10 Influence of transmission parameters of lower layer anchor cable on group anchor effect coefficient

5.3 Parameter analysis of transfer-group anchor effect coefficient of left and right anchor cables

Figure 11 (a-b) shows the curve of anchor group effect coefficient y varying with anchor length h; of
transmission anchor cable under the influence parameters of soil cohesion ¢ and arrangement spacing H3 when
transmission anchor cable of recoverable anchor cable is arranged on the right side of calculation anchor cable. It
should be noted that in actual engineering, arrangement inclination o of recoverable anchor cable arranged
horizontally is generally consistent with anchor length /. of calculation anchor cable, so parameter analysis is not
conducted. It can be seen from the overall change trend of Figure 11 (a-b) that the anchor group effect coefficient
w shows a downward trend and the curve gradually tends to be gentle with the increase of the anchor length %7 of
the transfer anchor cable. Compared with Figure 11 (a-b), Figure 10 (a-d) and Figure 9 (a-d), it can be seen that
under the same parameter conditions, the change degree of anchor group effect coefficient caused by the right
transfer anchor cable is generally smaller than that of the lower transfer anchor cable and larger than that of the
upper transfer anchor cable. According to the influence trend of each parameter, when other parameters are
constant, the anchor group effect coefficient y increases with the increase of cohesion ¢ and the distance H;
between right cables, which is consistent with the analysis law of upper and lower cables, and further confirms
that improving soil strength and reasonable control distance have positive effects on eliminating anchor group

effect.



430
431

432
433

434

435

436

437

438

439

440

441

442

443

444

445

y=17kN/m*, H=42m c=16°
9=22°, a=15° c=19°
Hy=15m, 0=30° —v—c=22°

—0—c=25°

4

o

G
T

Group anchor effect coefficient y
)
c o
8

/
/

0.80 L . L

4 5 6
Transmission length of anchorage section h, (m)

(a) soil cohesion

y=17kN/m*, H=4.2m Hy=1
p=22°, a=15° H,=15
0.95 »\16“' 0=30° —v— Hy=2
7\‘\’ e
— |
— ]

Group anchor effect coefficient y
) )
» % g
g &
T T

0.70 L L L
3 4 5 6
Transmission length of anchorage section h, (m)

(b) arrangement pitch

Fig. 11 Influence of transmission parameters of right anchor cable on group anchor effect coefficient

6 Conclusion

This paper considers the actual layout conditions of recoverable anchor cables in foundation pit engineering,
establishes a group anchor calculation model, and derives the group anchor effect coefficient. The rationality of
the proposed calculation method is verified through case study validation and parametric analysis. The main
conclusions are as follows:

(1) The anchor effect coefficients calculated by this method are in good agreement with PLAXIS3D
numerical simulation and existing theoretical results, and the deviation is between 2.6% and 4.3%. The research
results provide reference for the anchor design of recoverable anchor groups.

(2) The anchor group effect coefficient increases with the increase of soil cohesion and cable spacing, and
decreases with the increase of cable inclination, calculated anchor length and transmitted anchor length. Among all

the influencing factors, the cable spacing has the greatest influence on the anchor group effect. By optimizing
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cable spacing, adjusting anchor length and cable inclination, the mutual interference of anchor group can be
effectively weakened and the anti-pulling bearing efficiency of supporting structure can be improved.

(3) The influence of transmission cables in different directions is obviously different. The interference effect
of transmission cables in lower layers is the strongest, the influence of transmission cables in left and right sides is
the second and tends to be similar, and the influence of transmission cables in upper layers is relatively small.
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