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Abstract
The anchor group developed by a dense arrangement of grouted anchors has been widely employed in a variety of

geotechnical reinforcement projects. Compared to a single anchor, the anchor group exhibits significantly more intricate

load–displacement mechanisms due to the interaction between adjacent anchors (group effect), which brings great chal-

lenge to the bearing performance analysis and optimal design. In this paper, a theoretical approach for analyzing the pullout

responses of the grouted anchor group was proposed by integrating load-transfer theory and shear deformation method.

Herein, a generalized tri-linear bond-slip model was utilized to characterize the soil–grout interface nonlinear behaviors.

The predicted pullout load–displacement responses and axial force distributions are generally in good agreement with the

results from in-situ and laboratory pullout tests for both single anchor and anchor group, thereby confirming the efficacy

and accuracy of the theoretical analysis method. Based on grey wolf optimization (GWO) algorithm, a novel optimal

design method driven by the lowest cost was developed for the grouted anchor group. The discussion on an actual anti-

floating anchorage engineering indicated that the GWO-based optimal design method provides excellent accuracy and fast

convergence speed in searching for the best design parameters. Parametric studies were conducted to investigate the effects

of some key design parameters on the bearing capacity of anchor group. The present work provides insights into the

bearing performance evaluation of the grouted anchor group and facilitates the cost-effective optimal design.
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1 Introduction

Ground anchors are equipped with the virtues of cost

effectiveness, convenience of construction, minimal envi-

ronmental disturbance, and superior bearing performance.

The combination of these merits facilitates the extensive

application of this technology in a variety of geotechnical

engineering projects, such as slopes [27, 37], foundation

pits [23], tunnels [39], and underground structure anti-

floating [18]. In China, the total length of the anchors

merely utilized for deep excavation supporting amounts to

10 billion meters each year [8]. The external pullout load

borne by the anchor is generally transferred to the sur-

rounding stable geomaterial mass via the soil–grout inter-

face shear resistance, thereby achieving the objective of

supporting the engineering structure and reinforcing the

unstable geomaterial mass [4, 20, 43]. The bearing capacity

of a single anchor is limited and usually insufficient to

satisfy the requirements of the engineering structure. The

dense arrangement of anchors to form the anchor group

system is inevitable for enhancing the bearing capacity,

especially in cases where the soil quality is poor and the

reinforcement area is comparatively large. However, the

adjacent anchors within the anchor group will interact with

each other due to stress superposition. This phenomenon,

known as group effect, has been proven to cause a loss in
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the bearing efficiency of the ground anchors [12, 15, 19].

Therefore, the anchor group exhibits significantly more

intricate load–displacement mechanisms in comparison to

a single anchor, and its bearing capacity cannot be deduced

as the sum of the bearing capacities of all individual

anchors.

There is generally a large ratio of anchorage length to

diameter for grouted anchors. When the anchor is subjected

to pullout load, the axial force and the soil–grout interface

shear stress will both distribute non-linearly along the

anchorage segment due to the tensile deformation of the

anchor body [33, 52]. The load-transfer behavior of the

anchors can exert a significant influence on their pullout

capacity. At present, relatively abundant studies focus on

the load-transfer behavior or the pullout capacity of a

single anchor. A multitude of in-situ pullout tests

[22, 34, 47, 48] and laboratory pullout tests [6, 38, 45, 51]

have been conducted to ascertain the pullout capacities or

the stress distributions of different structural types of

anchors under various loading or construction conditions.

Additionally, some scholars proposed or selected different

forms of bond-slip models to characterize the soil–anchor

interface nonlinear mechanical behaviors. On this basis,

theoretical analysis methods for the pullout responses of

ground anchors under various working conditions were

developed by the utilization of load-transfer theory

[13, 24, 33, 36, 52]. These studies provided profound

insights into the safety performance assessment and the

design of the anchorage structure.

The group effect will inevitably lead to a reduction in

the bearing capacity of the anchor group. This phenomenon

is analogous to that of piles [10, 30, 42, 44]. Hong et al.

[14] found that the bearing efficiency coefficient of the

anchor group embedded in sandy soil could attain 100%

only when the spacing distance between adjacent anchors

reached 16 times the diameter of the anchor, whereas it

required 24 times the diameter if the interface roughness

increased from 0 to 0.335. The test results from Akis et al.

[1] indicated that the bearing capacity of the anchor group

embedded in clay would decrease by approximately 16.8%

once the spacing distance was reduced to twice the diam-

eter of the anchor, and the bearing efficiency coefficient

could attain 100% only when the spacing distance excee-

ded 6 times the diameter. In addition, Chen et al. [5], Li

et al. [21], and Wang and Zhang [40] investigated the

failure modes and bearing capacities of the anchor group

through in-situ pullout tests, laboratory model tests, and

numerical simulations. There are also several achievements

relevant to theoretical modeling. Hu and Chen [15] pro-

posed a theoretical approach for calculating the pullout

displacement at the head of the anchor group. Pang et al.

[28] discussed the influence of spacing distance on the

stress distribution of an individual anchor within the

recyclable anchor group through the Kelvin solution-based

calculation formula. Noteworthy that these methods cannot

be used to determine the bearing capacity of the anchor

group. Ozturk [26] proposed a neural network-based

method for predicting the bearing capacity of tension

anchors, which considered the group effect but could not be

used to analyze stress distributions. To summarize, there is

still a lack of theoretical analysis methods capable of

simultaneously predicting the bearing capacity and the

stress distributions of anchor group.

The issue of engineering cost minimization while

adhering to established design requirements is of great

concern for engineers. Since the twenty-first century, arti-

ficial intelligence optimization algorithms have been

developing rapidly, resulting in the emergence of numerous

efficient and stable global optimization algorithms [31]. In

recent years, some intelligent algorithms have been suc-

cessfully incorporated into the optimal design of various

geotechnical engineering structures, such as piles [2, 29],

composite foundation [3, 11], and slope support [16]. The

design parameters of grouted anchor group include anchor

diameter d, anchorage length La, free length Lf, spacing

distance between adjacent anchors Ds, diameter of rebar or

steel strand dr, etc. It is extremely challenging to determine

a set of values for the design parameters that can yield the

lowest cost or the best bearing performance, given the

many design parameters involved. Therefore, the employ-

ment of intelligent optimization algorithms is imperative to

address this issue. Noteworthy that the development of an

efficient and accurate theoretical method to calculate the

bearing capacity of the anchor group is an essential pre-

condition for the optimal design. However, no relevant

studies are available in the reported works.

In this paper, a theoretical approach for analyzing the

pullout behaviors of the grouted anchor group was devel-

oped by integrating load-transfer theory and shear defor-

mation method. The pullout displacement of the anchor

was specially divided into two parts, including the soil–

grout interface shear displacement and the shear deforma-

tion of the surrounding soil. A generalized tri-linear bond-

slip model was employed to describe the soil–grout inter-

face nonlinear mechanical behavior. The results from four

separate in-situ and laboratory pullout tests of the single

anchor and the anchor group were utilized to verify the

proposed theoretical method. The predicted pullout load–

displacement responses and axial force distributions were

compared with the testing results. A new optimal design

method for the grouted anchor group was introduced based

on the GWO algorithm. Herein, the total cost was defined

as the objective function, and the bearing capacity and the

construction requirements were stipulated as boundary

conditions. The optimal design for anti-floating anchor

group was discussed based on an actual engineering case.
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Parametric studies were conducted to determine the effects

of some key design parameters on the bearing capacity of

the grouted anchor group.

2 Load–displacement responses of grouted
anchor group

There is no apparent relationship between the pullout

capacity or soil–anchor interface shear strength and the

ground pressure for grouted anchors due to the soil stress

release around the hole after drilling [35, 46]. It can thus be

inferred that the pullout capacity of grouted anchor is

basically independent of its layout direction. To facilitate

the visualization of the displacement patterns of anchors

and the surrounding soils, the anti-floating anchor group

arranged along the vertical direction were analyzed as the

example, as illustrated in Fig. 1. The failure of grouted

anchors usually occurs at the soil–grout interface, partic-

ularly in the case of anchors embedded in clay. The anchor

and its surrounding soil will exhibit relative displacement

or movement when the anchor is subjected to pullout load.

The shear stress present at the soil–grout interface will

further cause shear deformation in the surrounding soil.

Hence, the pullout displacement of the anchor s is com-

prised of the following two parts:

s ¼ sa þ ss ð1Þ

where sa is the soil–grout interface shear displacement; ss is

the shear deformation of the surrounding soil.

It is assumed that the grouted anchor group consists of m

anchors, and all anchors are equipped with the same

anchorage length La, diameter d, and spacing distance Ds.

Two adjacent anchors, designated as i and j, were selected

for analysis. Figure 2 shows the displacement composition

for a micro-section of anchors i and j. The soil shear

deformation surrounding anchor i can be categorized into

three components [15], as delineated by Eq. (2). This

aspect is similar to that of the pile group [10].

ssi ¼ ssii þ ssij � s0sij ð2Þ

where ssi represents the soil shear deformation surrounding

anchor i; ssii represents the soil shear deformation caused

by the pullout load Pi subjected to anchor i; ssij represents

the additional soil shear deformation around anchor i

caused by pullout load Pj subjected to anchor j; s0sij repre-

sents the reduction in soil shear displacement surrounding

anchor i due to the reinforcement effect of anchor j in

unload state.

3 Theoretical analysis method
for the pullout behaviors of grouted
anchor group

3.1 Basic assumptions

Two difficulties are hindering the theoretical analysis of the

pullout responses of the grouted anchor group. Firstly, the

soil–anchor interface generally exhibits significant nonlin-

ear mechanical behaviors, so the utilization of an interface

nonlinear mechanical model is essential for the character-

ization. Secondly, the adjacent anchors will interact with

each other due to the superposition of stress, that is, the

group effect. Therefore, the following assumptions were

stipulated to facilitate the process of the theoretical

analysis.

(a) The geometric design parameters and materials for

all anchors within the grouted anchor group are the

same, including anchorage length, free segment

length, diameter, spacing distance, grouting material,

rebar, etc.

(b) The anchor body should basically be in elastic state,

except in cases where the pullout load is very large

and exceeds its yield point. The plastic deformation

of the surrounding soil may occur in response to the

interface shear stress, but its contribution to the total

pullout displacement is relatively minor. The incor-

poration of material plasticity would renderFig. 1 Displacement patterns of the adjacent anchors and the

surrounding soil in anchor group
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theoretical modelling infeasible. Hence, the grout

and its surrounding soil were assumed to be in elastic

state, and their mechanical responses obey Hooke’s

law.

(c) The shear/bond strength of the steel rebar-grout

interface is considerably higher than that of the soil–

grout interface, so the failure of the grouted anchor

generally occurs at the soil–grout interface. There-

fore, the grout and steel rebar were considered as an

entity to simplify the modeling process. A general-

ized tri-linear interface shear model was employed to

characterize the nonlinear behaviors over the soil–

grout interface.

(d) When analyzing the pullout responses of a specific

anchor within the anchor group, the consideration of

group effect is limited to the adjacent anchors around

the designated anchor. The anchors that are spaced

apart by one or more anchors from the selected

anchor are disregarded due to the shielding of the

adjacent anchors.

(e) It is hypothesized that the ratio of the pullout load

applied to each anchor remains constant during the

entire loading process. This relationship can be

expressed as:

P1 ¼ n2 � P2 ¼ � � � ¼ nj � Pj ¼ � � � ¼ nm � Pm ð3Þ

where nj is the proportional coefficient between the

pullout load borne by the first and jth anchors.

3.2 Calculation of the soil shear deformation
around the anchor

Similar to pile foundations [32], the soil shear deformation

ssii(z, ri) at a given depth z induced by the soil–grout

interface shear stress si(z) of anchor i can be calculated

through the application of shear displacement method. It is

expressed as:

ssiiðz; riÞ ¼
siðzÞr0
Gs

ln
rm
ri

� �
; ri\rm

0; ri � rm

8<
: ð4Þ

where r0 represents the radius of the anchor; Gs represents

the shear modulus of the surrounding soil, Gs ¼ Es

2 1þlð Þ; l

represents Poisson’s ratio of the soil; Es represents Young’s

modulus of the soil; ri represents the distance from the

center of anchor i; rm represents the influence range of

interface shear stress, which can be estimated according to

Eq. (5).

rm ¼ 2:5qlað1� lÞ ð5Þ

where q is the non-uniformity coefficient, representing the

ratio of the soil shear modulus in the middle part of the

anchorage segment to that of the bottom part; la is the

anchorage length.

In reference to Eq. (4), the soil shear deformation ssii(z,

r0) along the surface of anchor i caused by interface shear

stress si(z) is derived as:

Fig. 2 Displacement composition for a micro-section of anchors i and j
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ssiiðzÞ ¼
siðzÞr0
Gs

ln
rm
r0

� �
ð6Þ

The interface shear stress si(z) of anchor i is transferred
radially outward. Based on the stress equilibrium condi-

tion, the movement of si(z) to the position of the adjacent

anchor j at the same depth will result in the following shear

stress value, denoted by sji(z).

sjiðzÞ ¼
siðzÞr0
Ds

ð7Þ

where Ds is the spacing distance between anchor i and

anchor j.

As illustrated in Fig. 3, the shear stress sji(z) at the

surface of anchor j is oriented upwards, which is consistent

with the direction of the pullout load Pj, but opposite to the

direction of the interface shear stress sj(z). Hence, the shear
stress sji(z) originated from the anchor i can be regarded as

the additional load applied to the anchor j. It may be the

main reason for the emergence of the group effect. In the

event that the soil around anchor i undergoes shear defor-

mation due to the application of pullout load Pi, the exis-

tence of the adjacent anchor j will impede this trend. This

phenomenon is referred to as the reinforcement or blockage

effect [15]. The reduction of soil shear deformation s0sijðzÞ
around anchor i is primarily attributable to the reaction

force of sji(z). The substitution of Eq. (7) into Eq. (6) can

yield the value of s0sijðzÞ.

s0sijðzÞ ¼
siðzÞr20
GsDs

ln
rm
Ds

; Ds\rm

0; Ds � rm

8<
: ð8Þ

When the pullout load Pj is exerted on anchor j, the

resultant interface shear stress sj(z) will cause additional

soil shear deformation sij(z) around the anchor i, which can

be determined by Eq. (9).

ssijðzÞ ¼
sjðzÞr0
Gs

ln
rm
Ds

; Ds\rm

0; Ds � rm

8<
: ð9Þ

It can be deduced that ssij(z) and ssjj(z) satisfy the fol-

lowing relationship:

ssijðzÞ ¼ wij � ssjjðzÞ ð10Þ

where wij denotes the influence coefficient of soil shear

deformation, which can be calculated by Eq. (11).

wij ¼
ln rm � lnDs

ln rm � ln r0
; Ds\rm

0; Ds � rm

8<
: ð11Þ

The total soil shear deformation ssi(z) around anchor i

can be obtained by substituting Eqs. (6), (8), and (9) into

Eq. (2). Based on Assumption (d), ssij(z) and s0sijðzÞ of the
anchor i caused by all adjacent anchors should be aggre-

gated when calculating ssi(z), as shown in Eq. (12).

ssiðzÞ ¼ ssiiðzÞ þ
Xm

j¼1;j6¼i

ssijðzÞ �
Xm

j¼1;j6¼i

s0sijðzÞ

¼ siðzÞr0
Gs

lnðrm
r0
Þ þ

Xm
j¼1;j 6¼i

sjðzÞr0
Gs

ln
rm
Ds

�
Xm

j¼1;j 6¼i

siðzÞr20
GsDs

ln
rm
Ds

ð12Þ

where m represents the number of the designated anchor

i and its adjacent anchors; Ds represents the spacing dis-

tance between adjacent anchors.

It can be concluded from Eq. (12) that the pivotal factor

in calculating ssi(z) is to determine the soil–grout interface

shear stress for each individual anchor within the anchor

group. The load-transfer method would be employed in the

subsequent theoretical analysis.

Fig. 3 Stress distribution in an elementary length dz of the anchor i and anchor j
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3.3 Calculation of the soil–anchor interface
shear displacement

3.3.1 Basic equations for the load-transfer analysis

The elementary segments of anchors i and j at a depth of z

were selected for analysis (Fig. 3). According to

Assumption (b), the tensile strain ei(z) for the elementary

segment of anchor i can be expressed as:

eiðzÞ ¼
PiðzÞ
ErgAa

ð13Þ

where Pi(z) is the axial tensile force of anchor i at depth z;

Aa is the cross-sectional area of the anchors; Erg is the

composite elastic modulus of grout and rebar, which can be

determined by the following equation.

Erg ¼
EgAg þ ErAr

Aa

ð14Þ

where Eg and Er are elastic moduli of the grout and rebar,

respectively; Ag and Ar are cross-sectional areas of the

grout and rebar, respectively.

The axial tensile deformation of the elementary anchor

segment is equivalent to the difference in interface shear

displacement at its two ends. The relationship between the

axial tensile strain ei(z) of the anchor and the interface

shear stress sai(z) can thus be derived:

ei zð Þ ¼ � dsaiðzÞ
dz

ð15Þ

It is hypothesized that the shear stress transmitted from

anchor j is uniformly distributed along the cylindrical

surface of anchor i. Hence, Eq. (16) can be obtained:

d � sij ¼ up � s00ij ð16Þ

where d and up represents the diameter and perimeter of the

anchor; sij represents the shear stress transferred from

anchor j to anchor i; s00ij represents the equivalent shear

stress of sij on the cylindrical surface of anchor i.

The equivalent shear stress s00ij can be rewritten as the

following form by combining Eqs. (7) and (16):

s00ij ¼
sjðzÞr0
pDs

ð17Þ

As illustrated in Fig. 3, force equilibrium equation of the

elementary anchor segment can be deduced as:

dPiðzÞ
dz

þ up siðzÞ �
Xm

j¼1;j 6¼i

sjðzÞr0
pDs

" #
¼ 0 ð18Þ

By combining Eqs. (13), (15), and (18), the load-transfer

governing equation for each anchor in the anchor group is

obtained:

d2saiðzÞ
dz2

� up
ErgAa

siðzÞ �
Xm

j¼1;j 6¼i

sjðzÞr0
pDs

" #
¼ 0 ð19Þ

The solution to the governing equation depends largely

on the selection of a suitable mechanical model to char-

acterize the relationship between interface shear stress and

interface shear displacement.

3.3.2 A generalized tri-linear bond-slip model
for describing the soil–grout interface nonlinear
behaviors

The tri-linear bond-slip model has been extensively

employed in the load-transfer theoretical analysis for

ground anchors and piles due to its multiple virtues,

including the ability to describe the softening or hardening

soil–structure interface nonlinear behaviors, fewer param-

eters that need to be calibrated [17, 24, 33, 49]. The

graphical form of the generalized tri-linear bond-slip model

is depicted in Fig. 4, and its function expression for the

relationship between interface shear stress s and interface

shear displacement is:

sðsÞ ¼
kes; 0� s� se
sf þ kpðs� seÞ; se\s� sp
ð1� gÞsf ; s[ sp

8<
: ð20Þ

where se denotes ultimate interface elastic shear displace-

ment; sp denotes ultimate interface plastic shear displace-

ment; sf denotes peak interface shear strength; ke denotes

interface elastic shear stiffness; kp denotes interface plastic

shear stiffness; g denotes interface softening coefficient,

g ¼ ðsf � srÞ=sf ; sr denotes residual interface shear

strength.

As shown in Fig. 4, the generalized tri-linear bond-slip

model exhibits three different forms based on the value of

interface softening coefficient g, including softening

Fig. 4 Graphical form of the generalized tri-linear bond-slip model
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pattern (0\ g B 1), hardening pattern (g\ 0), and ideal-

ized elastoplastic pattern (g = 1). More details can be

found in Zhu et al. [49].

3.4 Finite difference solution of the load–
displacement response

The load-transfer governing equation of anchor group can

be completed by substituting Eq. (20) into Eq. (19).

However, as previously mentioned, the adjacent anchors

will exert cross-influences on each other’s pullout behav-

ior. This phenomenon is also implicitly contained in

Eq. (19). It is nearly impossible to obtain the analytical

solution for the load–displacement response of the anchor

group. Consequently, the finite difference method would be

utilized to derive the solution. The steps are presented

below.

Step (1): The anchorage segments for all anchors are

uniformly divided into n units along the axial direction.

According to Assumption (a), all anchors within the anchor

group are equipped with the same anchorage length La, so

the lengths for all anchor units DLa are equal to La/n. There

are all n ? 1 nodes for each anchor. Anchor i is taken as

the example, the n ? 1 nodes of which are sequentially

numbered zi,0, zi,1, …, zi,n from the beginning to the end of

the anchorage segment. The value of n can be designated

according to computational precision.

Step (2): The interface shear displacement at the end of

the anchor i (node zi,n) is assigned as a value of sai,n.

Meanwhile, the interface shear displacements saj,n
(1) (j = 1,

…, m, j = i) at the end of other anchors j is assumed to be

sai,n in the first round of iterative computation. The super-

script in ‘‘saj,n
(1)’’ denotes the number of iterative compu-

tations. The interface shear stress sk,n at node zk,n (k = 1,

…, m) for all anchors in the anchor group can be calculated

by Eq. (20). The shear stresses sij,n (j = 1, …, m,

j = i) transferred from anchors j to anchor i is further

determined by Eq. (7). The soil shear deformation ssi,n
around anchor i is obtained by Eq. (12). Noteworthy that

the axial tensile forces for each anchor in the anchor group

are zero at the end of the anchorage segment. In this way,

the axial forces Pk,n, interface shear stresses sk,n, interface
shear displacements sak,n, and soil shear deformations ssk,n
for all anchors at node zk,n (k = 1, …, m) can be

determined.

Step (3): For node zi,n-1, the axial force Pi,n-1 of anchor i

can be derived based on the differential form of Eq. (18),

as shown below.

Pi;n�1 ¼ up si;n �
Xm

j¼1;j6¼i

sj;n � r0
pDs

 !
DLa ð21Þ

Combing Eqs. (13) and (15), the interface shear dis-

placement sai,n-1 at node zi,n-1 is determined:

sai;n�1 ¼ sai;n þ ei;n�1 � DLa ¼ sai;n þ
Pi;n�1

ErbAa

DLa ð22Þ

where ei,n-1 represents the axial tensile strain of anchor i at

node zi,n-1.

The interface shear stress si,n-1 at node zi,n-1 is calculated
by Eq. (20). In a similar way, the axial force Pj,n-1, inter-

face shear displacement sai,n-1, and interface shear stress

sj,n-1 for the other anchors at node zj,n-1 (j = 1, …, m,

j = i) can also be obtained. Subsequently, the soil shear

deformations ssk,n-1 for all anchors within the anchor group

at node zk,n-1 (k = 1, …, m) are determined by Eq. (12).

Step (4): The load-transfer governing equation (Eq. 19)

is rewritten as the difference form at node zi,n-1. The

interface shear stress sai,n-2 of anchor i at node zi,n-2 can

thus be derived:

sai;n�2 ¼ 2sai;n�1 � sai;n

þ up
ErgAa

si;n�1 �
Xm

j¼1;j6¼i

sj;n�1 � r0
pDs;ij

 !
DL2a ð23Þ

The axial force Pi,n-2 at node zi,n-2 is determined by

Eq. (18):

Pi;n�2 ¼ Pi;n�1 þ up si;n�1 �
Xm

j¼1;j 6¼i

sj;n�1 � r0
pDs;ij

 !
DLa ð24Þ

The interface shear stress si,n-2 at node zi,n-2 is calculated
by Eq. (20). Analogously, the axial force Pj,n-2, interface

shear displacement sai,n-2, and interface shear stress sj,n-2
for the other anchors at node zj,n-2 (j = 1, …, m, j = i) can

also be obtained. The soil shear deformations ssk,n-2 for all

anchors at node zk,n-2 (k = 1, …, m) are determined by

Eq. (12). In a similar manner to this step, the load–dis-

placement responses for all anchors at the remaining nodes

can be determined successively.

Step (5): In some special cases, such as anti-floating

anchor group, the proportional coefficients nj (j = 2, …, m)

between the pullout load borne by the first and the other

anchors are all equal to 1. In other words, the pullout loads

and the pullout displacements at anchor heads for all

anchors are the same within the anchor group. The

boundary conditions are:

P1 ¼ P2 ¼ � � � ¼ Pm

s1;0 ¼ s2;0 ¼ � � � ¼ sm;0

(
ð25Þ

Iterative calculation is not necessary in this case because

all anchors exhibit the same load–displacement responses.

However, iterative calculation is required if nj = 1. The

results should satisfy the boundary condition shown in

Eq. (3) when all interface shear displacements saj,n (j = 1,
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…, m, j = i) converge to the corresponding accurate val-

ues. Equation (26) is employed to narrow the scope in

which the precise value of saj,n is located.

s
gð Þ
aj;n;max¼s

g�1ð Þ
aj;n ; s

gð Þ
aj;n;min¼s

g�1ð Þ
aj;n;min; if P

g�1ð Þ
j [ nj � P g�1ð Þ

i

s
gð Þ
aj;n;max¼s

g�1ð Þ
aj;n;max; s

gð Þ
aj;n;min¼s

g�1ð Þ
aj;n ; if P

g�1ð Þ
j \nj � P g�1ð Þ

i

8<
:

ð26Þ

where the superscript ‘‘g’’ represents the number of

iterations.

In the gth round of iterative computation, the interface

shear displacements saj,n
(g) at the end of anchors j (j = 1,

…, m, j = i) are reassigned as:

s
gð Þ
aj;n ¼

1

2
s
gð Þ
aj;n;max þ s

gð Þ
aj;n;min

h i
ð27Þ

Repeating steps (2) to (4) until the specified calculation

accuracy dr is achieved.

Xm
j¼1;j6¼i

P
kð Þ
j � nj � P kð Þ

i

��� ���� dr ð28Þ

Step (6): The interface shear displacement sai,n at the

end of the anchor i (node zi,n) is reassigned a new value.

Subsequently, the stress and displacement distributions for

each individual anchor within the anchor group under

different pullout loads can thus be obtained by repeating

steps (2) to (5). Equation (29) can be utilized to calculate

the pullout displacements at the heads of each anchor.

shi ¼ sai;0 þ ssi;0 þ
PiLf
ErAr

ð29Þ

where shi denotes the pullout displacement at the head of

anchor i; sai,0 and ssi,0 denote the interface shear displace-

ment and the soil shear deformation at the beginning of

anchorage segment of anchor i, respectively; Lf denotes the

free length of anchor i.

The pullout load–displacement curves for each indi-

vidual anchor within the anchor group can be obtained by

accomplishing the aforementioned steps. The maximum

pullout load shown in the load–displacement curve

approximately corresponds to the pullout capacity.

The finite difference solution for the pullout response of

anchor group essentially falls within the category of theo-

retical solutions. This is because the derivation process

merely involves theoretical methodologies. In comparison

with the finite element model (FEM), the developed theo-

retical analysis method exhibits a significantly higher

computational efficiency. It facilitates the application of

this theoretical method in the subsequent optimal design of

anchor group. The utilization of finite difference method in

the theoretical modeling can also offer the potential for

analyzing the pullout performance of the anchor group in

layer soils. Specifically, segmented analysis is conducted

based on the soil distribution. All junctions between dif-

ferent soil layers should be defined as the computational

segmentation nodes. Noteworthy that the interface model

parameters and the shear moduli of each layer of soil need

to be substituted into the corresponding theoretical calcu-

lation segments in the analysis process. The procedures can

be referred to that of a single anchor [50].

The assumptions delineated in Sub-Sect. 3.1 impose

some limitations on the use of the proposed theoretical

analysis model. In certain instances, this theoretical method

will exhibit diminished calculation accuracy, or become

inapplicable. For example, (1) the pullout load is very large

and exceeds the yield stress of grout body; (2) ignoring the

plastic shear deformation of the surrounding soil will lead

to an underestimation of the total pullout displacement of

the anchor group, particularly in cases where the interface

shear stress is relatively large; (3) the lengths of each

anchor in the group are not uniform; (4) the steel rebars or

strands are separated from the grout due to the extremely

large interface shear stress, particularly for the case of

anchors embedded in hard soil or rock.

4 Verification of the theoretical analysis
method through in-situ and laboratory
pullout tests

4.1 Case 1: In-situ pullout test on the large-
diameter cemented soil anchor group

Chen et al. [5] conducted in-situ pullout tests on a single

large-diameter cemented soil anchor and anchor group that

is adopted in foundation pit. The anchors were all 0.5 m in

diameter, 15 m in anchorage length, and 5 m in free length.

The steel strands with dimension of 2u17.8 mm were uti-

lized. In the testing anchor group, each row was equipped

with three anchors with horizontal spacing of 2 m. The

three anchors in the anchor group were loaded simultane-

ously using three hydraulic jacks. The pullout loads applied

to the heads of all anchors remained equivalent during the

entire loading process, and they were divided into four

levels, including 160kN, 240kN, 320kN, and 400kN. The

anchorage segment was mainly located in the medium sand

interbedded with silt. The mechanical parameters of the

tested soil were summarized as: Young’s modulus Es-

= 9 MPa, Poisson’s ratio vs = 0.3, cohesion c = 3 kPa,

internal friction angle u = 20�, and shear modulus Gs-

= 3.5 MPa. The Young’s moduli of cemented soil and

steel strand were 200 MPa and 195 GPa, respectively. The

parameters of the generalized tri-linear bond-slip model

were calibrated based on the mechanical properties of the

soil and the inversion analysis for the pullout test results,

including se = 6 mm, sp = 12 mm, sf = 22 kPa, and
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g = 0.1. The in-situ pullout test results of the single

anchors M5 and M15, as well as the second group of the

anchor group, were selected to verify the theoretical anal-

ysis method. Figure 5 compares the pullout load–dis-

placement responses of the single anchor and the anchor

group obtained from in-situ pullout tests and theoretical

predictions. The collected measurements of the single

anchor presented herein are the average of the test results

of anchors M5 and M15 obtained through statistical anal-

ysis by Chen et al. [5]. It can be observed that the predicted

pullout load–displacement curves match well with the

measurements of both single anchor and anchor group.

Besides, within the designated testing load range, the

pullout displacement of the anchor group was greater than

that of the single anchor.

4.2 Case 2: Laboratory pullout test on wooden
anchor group

Li et al. [21] carried out the laboratory pullout test on the

wooden anchor group embedded in rammed earthen sites.

There were four anchors in the group, arranged in square

pattern with spacing distance of 50 cm. All anchors were

6 cm in diameter and 40 cm in anchorage length. The

quality proportion of the grouting material was: calcined

ginger nuts: quartz sand: water = 1: 1: 0.8. The reinforce-

ment bar was white ash wood, with diameter of 2 cm at the

top and 3 cm at the bottom. The diameter of the rein-

forcement bar was stipulated as 2.5 cm to simplify the

theoretical analysis. All four anchors were loaded syn-

chronously using hydraulic jack. The pullout displacement

at the heads of all anchors remained equivalent during the

entire loading process. The four anchors exhibited the same

load–displacement responses owing to their symmetrical

arrangement. The remolded loess was filled into the pullout

test chamber through layered compaction. The soil

mechanical parameters were summarized as: moisture

content w = 14.5%, cohesion c = 20 kPa, internal friction

angle u = 36�, Poisson’s ratio vs = 0.3, unit weight

c = 17.0 kN m-3, Young’s modulus Es = 10 MPa, and

shear modulus Gs = 3.8 MPa. The mechanical parameters

of the grouting material and the white ash wood were

summarized as: Eg = 30 MPa, vg = 0.3, and Er = 8.1 GPa.

The parameters of the generalized tri-linear bond-slip

model were calibrated based on the mechanical properties

of the soil and the inversion analysis for the pullout test

results, including se = 4 mm, sp = 24 mm, sf = 120 kPa,

and g = -0.6. Li et al. [21] also conducted numerical sim-

ulation for the laboratory pullout test. As evidenced in

Fig. 6, the theoretically calculated pullout load–displace-

ment curve exhibits good consistency with both measure-

ments and numerical simulations. It proves the efficacy and

accuracy of the above-developed theoretical analysis

method.

4.3 Case 3: In-situ pullout test on the anchor
group used in transmission line foundation

Zhang et al. [47] conducted the in-situ full-scale pullout

tests on the single anchor and the anchor group used in the

foundation of transmission line towers. The in-situ pullout

test results of the single anchor numbered DM2 and the

anchor group numbered QM4-2 were selected to verify the

theoretical analysis method. The anchors were all 130 mm

in diameter, 4 m in anchorage length, and 0.4 m in free

length. There were four anchors in the group, arranged in

square pattern with spacing distance of 60 cm. The hot-

rolled steel bar with grade of HRB400 was utilized as the

reinforcement bar, the dimension of which is 32 mm. The

grouting material was fine stone concrete with strength

grade of C30. The Young’s moduli of grouting body and

steel bar were 30 GPa and 200 GPa, respectively. The

anchorage segment was mainly located in the medium

weathered granite. The mechanical parameters of the sur-

rounding rock were summarized as: Young’s modulus Es-

= 9.04 GPa, Poisson’s ratio vs = 0.26, cohesion

c = 11.3 MPa, internal friction angle u = 50�, and shear

modulus Gs = 3.58 GPa. All anchors in the group were

connected in parallel to a foundation platform, and were

loaded simultaneously using a hydraulic jack. The total

pullout load and total displacement at the top of the anchor

group were monitored during the entire loading process.

The parameters of the generalized tri-linear bond-slip

model were calibrated based on the mechanical properties

of the surrounding rock and the inversion analysis for the

pullout test results, including se = 1.5 mm, sp = 8 mm, sf-
= 210 kPa, and g = -0.4. The bond-slip model employed

2 m 2 m

0.5m 0.5m 0.5m

Fig. 5 Comparisons of the pullout load–displacement responses

obtained from in-situ tests and theoretical predictions for the large-

diameter cemented soil anchor
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to characterize the rock-anchor interface mechanical

behavior exhibits the hardening state. Figure 7 compares

the total pullout load–displacement responses of the single

anchor and the anchor group obtained from in-situ pullout

tests and theoretical predictions. The pullout capacities of

the single anchor and the anchor group were measured to

be 482.3 kN and 1901.1 kN, and were calculated to be

480.3 kN and 1796.3 kN, respectively. The calculation

errors are 0.4% and 5.5%, respectively. In general, the

results obtained through these two methods exhibit excel-

lent consistency for both single anchor and anchor group.

Furthermore, the pullout capacity of each individual anchor

within the anchor group is lower than that of a single

anchor.

4.4 Case 4: Laboratory physical model test
on double anchors

Yang et al. [42] carried out the physical model test on

double anchors. The geometric similarity ratio between the

model test and the prototype was designed as 1: 15. The

anchors in the model tests were all 10 mm in diameter,

200 mm in anchorage length, and 0 m in free length. The

model tests were divided into three groups, including single

anchor and double anchors with spacing distances of

67 mm and 267 mm. Aluminum wire with dimension of

4 mm was utilized as the reinforcement bar, the Young’s

modulus of which is 70 GPa. Cement mortar was used as

the grouting material, the Young’s modulus of which is 20

GPa. Quartz sand, gypsum powder, talc powder, ordinary

Portland cement, and water were used to produce the rock-

like material around the anchors. The quality ratio of these

raw materials was set at 0.78: 0.06: 0.07: 0.01: 0.08. The

rock-like material was filled into the model test box in

layers, with each layer of 5 cm in thickness. The

mechanical parameters of the rock-like material were

summarized as: Young’s modulus Es = 28 MPa, Poisson’s

ratio vs = 0.33, cohesion c = 21 kPa, internal friction angle

u = 26�, and shear modulus Gs = 11.2 MPa. The two

anchors in the group were connected in parallel to a

foundation platform and were loaded simultaneously using

a hydraulic jack. The pullout load applied to the anchor

head increases by 55 N each time until the anchors fail,

which is marked by an unstable pullout displacement. Four

strain gauges were attached to each anchor along the

anchorage segment with spacing distance of 67 mm. The

objective of this configuration was to determine the stress

distributions. The parameters of the bond-slip model

(Eq. 20) were calibrated based on the mechanical proper-

ties of the rock-like material and the inversion analysis for

the pullout test results, including se = 0.4 mm, sp-
= 1.0 mm, sf = 60 kPa, and g = -0.3. As evidenced in

Fig. 8, the calculated pullout load–displacement curves

agree generally well with the testing results for the single

anchor and the double anchors with different spacing dis-

tances. In this case, the calculated bearing capacity of the

double anchors decreased by 113.4 N (11.8%) when their

spacing distance was reduced from 267 to 67 mm.

As shown in Fig. 9, the theoretically predicted axial

force distributions under different pullout loads demon-

strate reasonable agreement with measurements for both

single anchor and double anchors. Even so, the discrep-

ancies between the predictions and the measurements grow

as the pullout load increases. It may be ascribed to the

insufficiently detailed modelling of the anchor group effect

in theoretical analysis. Specifically, the group effect was

considered through the method of simple linear

Fig. 6 Comparison of the pullout load–displacement response

obtained from laboratory pullout test, numerical simulation and

theoretical prediction for the wooden anchor group
Fig. 7 Comparison of the total pullout load–displacement response

obtained from in-situ pullout test and theoretical prediction for the

anchor group and the single anchor
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superposition. Perhaps it cannot adequately reflect the

complex and nonlinear interactions between adjacent

anchors. It can be seen from Fig. 9a and c that the axial

forces measured at the anchor head (z = 0 cm) were sig-

nificantly higher. The phenomenon may be attributed to the

fact that this position corresponds to the initial end of the

anchorage segment, where the reinforcement bar is not

sufficiently bonded with the grouting material or experi-

ences disengagement during the loading process. This may

also be a contributing factor to the prediction error.

Overall, the predictions are consistent with the measure-

ments. The findings proved the efficacy and accuracy of the

above-developed theoretical analysis method.

5 A GWO-based optimal design method
for the grouted anchor group

The grey wolf optimization (GWO) algorithm was pro-

posed by Mirjalili et al. [25] as an inspiration from the

hunting behavior of grey wolf packs. It is a new type of

swarm intelligence optimization algorithm with the merits

of simple structure, few adjustable parameters, and easy

implementation. Additionally, the GWO algorithm exhibits

superior solution accuracy and stability compared to some

classical optimization algorithms, such as particle swarm

optimization (PSO) [9], genetic algorithm (GA) [41], and

ant colony optimization (ACO) [7]. Therefore, the GWO

algorithm has been successfully adopted in many fields.

5.1 Mathematical model of GWO algorithm

There is a strict hierarchy system within the gray wolf

population. As shown in Fig. 10a, the wolf at the top of the

pyramid is defined as alpha (a). The a wolf is the leader of

the entire population and is responsible for making deci-

sions regarding the hunting activity. The wolves at the

second and third layers are named beta (b) and delta (d),
respectively. The b wolf assists the a wolf in making

decisions, and its leadership position is second only to that

of the a wolf. The d wolf follows the instructions of the a
and b wolves. Noteworthy that the a and b wolves will be

downgraded to the d wolf if their adaptability is poor. The

x wolves situated at the bottom of the pyramid are

responsible for maintaining the internal relationships

within the population.

The GWO algorithm achieves the goal of finding the

best solutions through the simulation of the hunting process

of the wolf population, which includes tracking, sur-

rounding, chasing, and attacking prey. This process can be

summarized mathematically as follows. First, a group of

wolves is randomly generated in the designated search

area. Then, the three individuals with the best fitness in the

population are selected as the a, b, and d wolves. They

were responsible for evaluating the position of the prey,

that is, the best solution. Finally, the x wolves calculate the

distances between themselves and the prey, thereby com-

pleting the encirclement and capture of the prey (Fig. 10b).

The best solution can thus be determined by implementing

the aforementioned process. The following is a detailed

exposition of the mathematical model for the GWO

algorithm.

The encircling behavior of the grey wolves can be

mathematically represented by the following equation:

D ¼ C � XpðtÞ � XðtÞ
�� �� ð30Þ

Xðt þ 1Þ ¼ XpðtÞ � A � D ð31Þ

where D denotes the distance between wolf and grey;

t denotes the number of positions updating; A and C are

random coefficient vectors; X(t) denotes the position vector

of the t-th generation of the wolves; Xp(t) denotes the

position vector of the grey.

The coefficient vectors A and C can be determined using

Eqs. (32) and (33).

A ¼ 2a � r1 � a ð32Þ
C ¼ 2 � r2 ð33Þ

where a is random factor, which decreases linearly from 2

to 0 during the iterative updating process; r1 and r2 are

random vectors, with their values ranging from 0 to 1.

The positions of the wolves are constantly updated

during the hunting process. After each update, the positions

of the a, b, and d wolves with the best fitness values are

saved. Subsequently, based on the positions of a, b, and d
wolves, the x wolves update their positions in the next

round until the best solution is determined or the specified

Fig. 8 Comparison of the total pullout load–displacement response

obtained from in-situ pullout test and theoretical prediction for the

wooden anchor group (measurements from Yang et al. [42])
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number of updates is achieved. The following equation can

mathematically express this process:

Da ¼ C1 � XaðtÞ � XðtÞj j
Db ¼ C2 � XbðtÞ � XðtÞ

�� ��
Dd ¼ C3 � XdðtÞ � XðtÞj j

8><
>: ð34Þ

X1 ¼ XaðtÞ � A1 � Da

X2 ¼ XbðtÞ � A2 � Db

X3 ¼ XdðtÞ � A3 � Dd

8><
>: ð35Þ

Xðt þ 1Þ ¼ X1 þ X2 þ X3

3
ð36Þ

where Da, Db, and Dd represent the distances between the

x wolf and the a, b, and d wolves, respectively; Xa(t),

Xb(t), and Xd(t) represent the position vectors of the a, b,

and d wolves in the t-th round of calculation, respectively;

X(t) and X(t ? 1) are the position vectors of the x wolf in

the current t-th and the (t ? 1)-th rounds of calculation,

respectively.

5.2 Objective function and boundary conditions
of the optimization model

The objective of optimal design for the anchor group is

mainly to minimize the cost while adhering to the estab-

lished engineering requirements. Therefore, the design

parameters that exert the predominant influence on the

bearing performance and cost of the anchor group are

selected as the optimization variables, including anchorage

length La, free length Lf, anchor diameter d, spacing dis-

tance between adjacent anchors Ds, and diameter of rebar

Fig. 9 Comparisons of the predicted axial force distributions under different pullout loads with the in-situ test results (measurements from Yang

et al. [42]): a single anchor; b double anchors (Ds = 67 mm); c double anchors (Ds = 267 mm)
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dr. It is assumed that the design parameters for each anchor

in the anchor group are all the same. The total cost f(X) of

all the anchors within the construction area was defined as

the objective function for optimal design. f(X) is primarily

constituted by three parts: the construction cost f1, the cost

of grouting material f2, and the cost of rebars and anchor-

age devices f3.

f ðXÞ ¼ f1 þ f2 þ f3 ð37Þ

where

f1 ¼ c1ðLa þ LfÞna

f2 ¼ c2Vmna ¼
c2pðd2 � d2r ÞLana

4

f3 ¼ ðc3mr þ c4Þna ¼
c3qrpd

2
r ðLa þ LfÞ
4

þ c4

� �
na

8>>>>><
>>>>>:

ð38Þ

where c1 is the construction cost per meter; c2 is the cost

per cubic meter of grouting material; c3 is the cost of a unit

weight of the rebar; c4 is the base price of the anchorage

device; Vm is the grouting volume of one anchor; mr is the

quality of the rebar for one anchor; na is the number of all

anchors in the construction region, na � At=Asd e; At is the

total area of the construction region; As is the reinforce-

ment area for each individual anchor, which can be cal-

culated by Eq. (39), as shown in Fig. 11; qr and dr are the

density and diameter of the rebar, respectively.

As ¼
D2

s ; Square layoutffiffiffi
3

p

2
D2

s ; Equilateral triangle layout

8<
: ð39Þ

The bearing capacity of the anchor group must be ade-

quate to ensure the safety of the engineering structure. In

addition, the feasible ranges for all optimization variables

should be restricted to facilitate the construction of grouted

anchors. Therefore, the following conditions were stipu-

lated in the proposed optimization model.

g1ðXÞ ¼ Tf½ � � Tf
Ks

� 0

g2ðXÞ ¼ Tf � rfAr � 0

g3ðXÞ ¼ d � Ds � 0

g4ðXÞ ¼ d � 0:2� 0

g5ðXÞ ¼ 0:1� d� 0

8>>>>>>>><
>>>>>>>>:

ð40Þ

where Tf is the ultimate pullout capacity, which can be

determined through the developed theoretical analysis

method; [Tf] is the pullout load applied to one anchor,

[Tf] = pAs; p is the load per square meter; Ks is safety

factor; rf is the tensile strength of rebar.

The optimal design model for the grouted anchor group

is expressed as:

X ¼ x1; x2; x3; x4; x5½ �T¼ La; Lf ; d;Ds; dr½ �T
min f ðXÞ ¼ f1 þ f2 þ f3
s.t:giðXÞ� 0; i ¼ 1; :::; 5

8<
:

ð41Þ

5.3 Optimal design procedures of the grouted
anchor group

The GWO algorithm was utilized to search for the global

best solution to the aforementioned model, the procedure of

which was illustrated in Fig. 12. The details were elabo-

rated as follows.

Step (1): Specify the ranges of all optimization variables

X for the anchor group. Assign values to the mechanical

α wolf

β wolf

δ wolf

ω wolf

(a)

ω wolf

αC1

δ
a3

C3

β
C2

Move

R Dα

Dβ

Dδ

a1

a2

Prey

(b)

Fig. 10 Schematic diagram of the GWO algorithm: a hierarchy system of the grey wolves; b position updating path of a wolf
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parameters of the soil, grout, rebar, and soil–anchor inter-

face. Clarify the design requirements, such as the total area

of the construction region At, the load per square meter p,

and the safety factor Ks. The base prices for construction

and various materials are stipulated. The objective function

f(X) and constraint conditions g(X) for the optimal design

can thus be established, as shown in Eqs. (37) and (40).

Step (2): Define the number of gray wolves N in the

population and the maximum number of calculations tmax.

Initialize the random factor a, random coefficient vectors A

and C. In this study, N = 30 and tmax = 100. The initial

population of grey wolves is further generated based on the

constraint conditions.

Step (3): Search for the best design parameters of the

anchor group through the GWO algorithm. Specifically, the

fitness values of all the gray wolves are calculated by

Eq. (37). The fitness values and positions of the a, b, and d
wolves are determined according to the calculation results.

The random factor a, random coefficient vectors A and

C are updated, and the new positions of x wolves can

further be determined by Eq. (36). In the current round of

calculation, if the constraint conditions (Eq. 40) cannot be

satisfied, the random coefficient vectors A and C should be

re-updated to obtain the suitable positions of x wolves.

Record the fitness values and positions of the a wolf after

each round of updating.

Step (4): Repeat step (3) until the maximum number of

calculations tmax is achieved. The final fitness value of a
wolf represents the lowest cost of the anchor group that

meets all the design requirements, and its corresponding

position is the best design parameters. Noteworthy that

adjustments to the obtained best design parameter may be

necessary to facilitate the construction of grouted anchors.

6 Case study on the optimal design
of grouted anchor group employed
in anti-floating engineering

The World Computing Changsha Intelligent Valley project

is located in Changsha City, Hunan Province, China. The

E12 plot was earmarked for the construction of eight high-

rise office buildings. In this area, the groundwater level was

observed to be relatively high, prompting the utilization of

ground anchors to mitigate the risk of buildings floating. A

rectangular field measuring 228 m in length and 52 m in

width is situated between the T4 and T8 high-rise office

buildings. The total area of this field is 11,856 m2. There is

64.6 m in ground elevation, 61.5 m in average waterproof

elevation for anti-floating, and 54.9 m in average elevation

of the basement. Subsequent to the deduction of the

building’s inherent mass, the anti-floating force provided

by the anchors is approximately 50 kN/m2. The foundation

strata are mainly composed of miscellaneous fill, silty clay,

fully weathered granite, and strongly weathered granite, the

basic properties of which were summarized in Table 1.

The anti-floating anchors designed in original plan were

200 mm in diameter, approximately 2.2 m in spacing dis-

tance, and approximately 12 m in average anchorage

length. Besides, the characteristic value of pullout capacity

for one anchor was designed as 270 kN, and the safety

factor was 2.0. The anchorage segments were mainly

embedded in the fully weathered granite. The Young’s

Fig. 11 Layout of the anchor group and the reinforcement area for one anchor: a square layout; b equilateral triangle layout
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modulus and the Poisson’s ratio of this layer of soil are

80 MPa and 0.3, respectively. The grouting material is a

specialized cement paste with the mark of M35, water-

cement ratio of 0.38, elastic modulus of 25 GPa, and

Poisson’s ratio of 0.22. Three low-relaxation steel strands,

each with a diameter of 15.2 mm, were used as the rein-

forcement bar. The steel strand is 195 GPa in elastic

modulus and 1890 MPa in tensile strength. Based on the

mechanical properties of the surrounding soil, the four

parameters of the generalized tri-linear bond-slip model

were calibrated as: se = 4.2 mm, sp = 7.6 mm, sf-
= 105 kPa, and g = 0.25. The ultimate pullout capacity of

an individual anchor was measured to be 600 kN through

in-situ pullout test, and the theoretical calculation of that is

608 kN. The discrepancy between the two results is merely

1.3%, indicating the reliability of the proposed theoretical

model as well as its parameters.

The unit prices for construction and various materials

were determined based on the local price conditions, which

were summarized as: c1 = 58 ¥/m, c2 = 850 ¥/m3, c3 = 4.5

¥/kg, and c4 = 78 ¥/piece. Approximately 2,450 anti-

floating anchors were needed for this area in the original

design, and the corresponding total cost was almost

¥3.305 M. Hereinto, the construction cost for anchor hole

drilling f1 was ¥1.70 M, the cost of grouting material f2 was

¥0.77 M, and the cost of rebars and anchorage devices f3
was ¥0.83 M. The original design of the anti-floating

anchor group was then optimized through the implemen-

tation of the developed GWO-based optimal design

method. The PSO algorithm was also employed in the

optimal design to facilitate comparison. The parameters of

the PSO algorithm were specified as: population size

N = 30, inertia weight w = 0.5, self-learning factor

c1 = 0.5, group learning factor c2 = 0.5, and maximum

number of calculations tmax = 100. The free length and the

diameter of the steel strands are consistent with the original

design.

Table 2 summarizes the design parameters and total

costs of the anchor group before and after optimization.

Figure 13 depicts the cost breakdown of the original and

the optimized designs. The goal of significantly reducing

the project cost while meeting the design requirements is

Fig. 12 Procedures for searching the best design parameters of the anchor group using the GWO algorithm

Table 1 Basic properties of each layer of soil within the construction area

Average thickness

(m)

Unit weight

(kN�m-3)

Internal friction angle

(�)
Cohesive force

(kPa)

Plastic index

(%)

SPT

Miscellaneous fill 3.1 19.5 10 10 / /

Silty clay 1.4 19.9 15 31 16.6 18

Fully weathered granite 21.9 19.3 16 32 16.5 33

Strongly weathered

granite

/ 23.2 28 42 / [ 50
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successfully achieved through the implementation of the

GWO-based optimal design method. In instances where

anchors are arranged in square layout, the GWO-based

optimal design reduces the total cost by 27.6% compared to

the original design. Besides, it is more cost-effective to

arrange the anchors in square than equilateral triangle. For

example, the total cost of the square layout is ¥335 K less

than that of the equilateral triangle layout for the designs

obtained by the GWO-based optimum method. It can also

be observed from Fig. 13 that the construction cost f1 is the

highest, accounting for approximately 50% of the total

cost, and following that are the material costs of steel

strands and grouting material.

The calculation convergence speeds of the GWO and

PSO algorithms are comparable, and both can achieve

convergence within 20 iterative calculations, as shown in

Fig. 14. However, a comparison of the optimal design

based on the GWO algorithm with that of the PSO algo-

rithm revealed that the former can yield a lower cost. When

the anchors are arranged in the square and equilateral tri-

angle layouts, the total costs of the design schemes

obtained by PSO algorithm are ¥83 K and ¥87 K much

more than those obtained by GWO algorithm, respectively.

This can be attributed to the inherent limitations of the PSO

algorithm, which is prone to converging on a local optimal

solution rather than the global optimal solution. Overall,

the findings indicate that the GWO algorithm is equipped

with higher accuracy in searching for the best design

parameters for the grouted anchor group.

7 Parametric studies

The spacing distance, anchorage length, and layout method

are critical design parameters for the anchor group, as they

can significantly influence the bearing performance.

Therefore, parametric studies were conducted via the pro-

posed theoretical analysis method to investigate the

impacts of those key parameters on the pullout capacity of

the grouted anchor group. Except for special instructions,

the basic model parameters were set as follows. The

anchors were 150 mm in diameter and 12 m in anchorage

length. The grouting material was cement mortar with

Young’s modulus of 20 GPa. The Young’s modulus and

the Poisson’s ratio of the surrounding soil were 80 MPa

and 0.33, respectively. The reinforcement bar was steel

rebar with diameter of 28 mm and elastic modulus of 195

GPa. The parameters of the bond-slip model were: sf-
= 120 kPa, g = 1.0, se = 5 mm, and sp = 45 mm.

7.1 Impact of spacing distance between adjacent
anchors

Figure 15 shows the variation of the pullout capacity of an

individual anchor within the anchor group with the spacing

distance under square and equilateral triangular layouts.

The pullout capacity of the anchor increases as the spacing

distance increases, yet the increasing rate gradually

decreases. In the present case, the increase in spacing

distance exerts a negligible impact on the improvement of

the pullout capacity once the ratio of the spacing distance

to the diameter Ds/d exceeds approximately 18. Further-

more, the pullout capacity of the anchor group is margin-

ally higher in the regular triangular layout compared to the

square layout, in particular for the case where the spacing

distance is relatively small.

Table 2 Comparison of the design parameters and total costs of the anchor group between the original and the optimized plans

Original design GWO (square) GWO (triangle) PSO (square) PSO (triangle)

Anchor diameter d (m) 0.20 0.20 0.20 0.19 0.20

Spacing distance Ds (m) 2.20 2.25 2.18 2.35 2.70

Anchorage length La (m) 12.00 8.90 8.20 10.36 13.60

Rebar diameter dr (m) 0.028 0.028 0.028 0.028 0.028

Free length Lf (m) 0 0 0 0 0

Construction cost (¥1 M) 3.305 2.394 2.729 2.477 2.816

Fig. 13 Cost breakdown of the original and the optimized designs

Acta Geotechnica

123



7.2 Impact of anchorage length

The variations of the pullout capacity with the anchorage

length under different interface softening coefficients were

illustrated in Fig. 16. It can be observed that the pullout

capacity of an individual anchor within the anchor group

increases with increasing anchorage length. However, there

will be a critical value for the anchorage length La when the

interface softening coefficient g exceeds 0.7, which is

designated as the effective anchorage length La
*. For

example, the effective anchorage length La
* is approxi-

mately 12 m when g = 0.7. The increase in pullout

capacity will be very small when La exceeds La
*. The

interface softening coefficient g is generally large for the

anchors that are embedded in pan soil or soft rock, indi-

cating that the soil–anchor interface exhibits significant

softening behaviors. In such geological conditions, it is

unreasonable to enhance the bearing capacity of the anchor

group by excessively increasing the anchorage length.

As demonstrated in Fig. 17, the spacing distance exerts

minimal influence on the pullout capacity of the anchor

group when the anchorage length is relatively short. As the

anchorage length increases, particularly when it exceeds

6 m, the influence of spacing distance on the pullout

capacity becomes more significant. Therefore, the reduc-

tion in bearing capacity resulting from the group effect of

anchors necessitates meticulous consideration if the

anchorage length is relatively long and the spacing distance

between adjacent anchors is relatively small.
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Fig. 14 Comparison of the calculation convergence speeds between the GWO and PSO algorithms: a square layout; b equilateral triangle layout
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8 Summary and conclusions

A theoretical analysis method for the pullout behaviors of

grouted anchor group was proposed in this paper, in which

the group effect was specially considered by integrating

load-transfer theory and shear deformation method. The

predicted pullout load–displacement responses and axial

force distributions were compared with the results from

four separate in-situ and laboratory pullout tests for the

single anchor and anchor group. Based on the GWO

algorithm, a novel optimal design method driven by the

lowest cost was developed for the anchor group. The

impacts of spacing distance, anchorage length, and layout

form on the pullout capacity of the anchor group were

investigated by parametric studies. The following conclu-

sions can be deduced:

(1) The theoretically predicted pullout load–displace-

ment curves and axial force distributions under

different loads were generally in good agreement

with the in-situ and laboratory pullout test results.

The findings confirmed the efficacy and accuracy of

the proposed theoretical analysis method for the

pullout behaviors of the grouted anchor group.

(2) Due to the interaction between adjacent anchors

(group effect), the pullout capacity of each individual

anchor within the anchor group is lower than that of

a single anchor, yet the pullout displacement is

greater. The reduction in bearing capacity resulting

from the group effect necessitates meticulous con-

sideration if the anchorage length is relatively long

and the spacing distance between adjacent anchors is

relatively small, especially when the ratio of the

spacing distance to the anchor diameter is less than

18.

(3) The implementation of the GWO-based optimal

design method can substantially reduce the project

cost while meeting the design requirements for the

anchor group. In comparison with the PSO algo-

rithm, the GWO algorithm is more accurate in

searching for the best design parameters.

(4) The pullout capacity of the anchor group is margin-

ally higher in the regular triangular layout compared

to the square layout, particularly for the case where

the spacing distance between adjacent anchors is

relatively small.

In summary, the present study offered a new theoretical

method for analyzing the pullout responses of the grouted

anchor group and optimizing its design parameters. The

findings can provide theoretical guidance for the bearing

performance evaluation of the anchor group, and can also

facilitate the cost-effective optimization design. However,

in the actual anchorage engineering, the layout of anchor

group may not be regular, and the design parameters may

exhibit variability across different anchors, such as

anchorage length, free length, anchor diameter, spacing

distance, etc. The anchors within the group will exhibit

remarkably intricate load–displacement behavior under

these conditions. In light of the aforementioned challenges,

new approaches and theories are imperative for addressing

the issues associated with the bearing performance analysis

and design optimization of the grouted anchor group.
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