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A B S T R A C T   

The end resistance formula in the current industry specification has parameters that are difficult to determine 
precisely, resulting in estimated results often does not reflect the true condition of underreamed anchor. To 
address this problem, based on the elucidation of load transfer law when local shear damage occurs in the soil 
around anchor under vertical pulling action of underreamed anchor, a model of end resistance of underreamed 
anchor is proposed. The model can calculate the end resistance while avoiding uncertainty of parameters of 
current formula. Numerical simulations and field tests show that the proposed model significantly improves the 
accuracy of calculating end resistance of underreamed anchor.   

Introduction 

Addressing precision in the analysis of underreamed anchors has 
wide applications. These applications include advancing the use of ki-
netic structures as highlighted by Afzali and Hamzehloo [1], aiding with 
the stability of high-rise buildings as evaluated by Shakir et al., [29], and 
helping optimize the design of offshore structures as detailed by Haritos 
[14]. Additionally, shortcomings and failure modes of underreamed 
anchors, such as the ones shown by Lirui [21], can be improved. Current 
methods used to overcome load capacity uncertainties can be minimized 
which can lead to more sustainable construction methods, the impor-
tance of which is highlighted by Afzali and Hamzehloo [2]. 

In recent decades, rock bolts have been widely used in hydraulic 
structure and its application in soil-nailed walled structures [4,5], tall 
and slender structure, deep foundation pit engineering and slope engi-
neering. Muhammad [27] evaluated the pull-out load capacity of steel 
bolt using Schmidt hammer and ultrasonic pulse velocity test. The 
bearing capacity of the rock bolt is mainly provided by the pull-out 
resistance of the anchoring section, and there exists a limit to improve 
the bearing capacity by simply increasing the length of the anchoring 
section. Luo et al. [23] pointed out that with the increase of rock bolt 

length, the anchoring effect gradually enhances, but the improvement 
degree decreases gradually. Ivanovic et al. [17] pointed out that it is 
effective to improve the bearing capacity by increasing the length of the 
anchoring section within the anchorage length of 10 m, but the effect is 
not obvious when it exceeds 10 m. 

The underreamed ground anchor technology is developed on the 
basis of the underreamed pile, and the advantage of it is that the bearing 
capacity of the rock bolt can be greatly improved by applying a small 
amount of material. When the ordinary rock bolt cannot provide the 
required bearing capacity under special conditions, the underreamed 
ground anchor can be selected. The researches have shown that the 
bearing capacity of the underreamed ground anchor is increased by 
15%− 50% on average compared with the ordinary rock bolt, and the 
maximum is 66% [26]. 

Zeng et al. [35] pointed out that the bearing capacity of the under-
reamed ground anchor consists of three parts, namely, the side friction τf 
at the interface between the ordinary anchoring section and the soil 
around the anchor, the side friction τfd at the interface between the 
underreamed anchoring section and the soil around the anchor, and the 
end resistance PD of the soil around the anchor to the underreamed end. 
The force diagram is shown in Fig. 1. 

* Corresponding authors. 
E-mail addresses: mahmoud.bayat@uta.edu, mbayat14@yahoo.com (M. Bayat), cmszhy@hhu.edu.cn (M. Cao).  

Contents lists available at ScienceDirect 

Journal of Engineering Research 

journal homepage: www.journals.elsevier.com/journal-of-engineering-research 

https://doi.org/10.1016/j.jer.2023.12.006 
Received 30 September 2023; Received in revised form 10 December 2023; Accepted 19 December 2023   

mailto:mahmoud.bayat@uta.edu
mailto:mbayat14@yahoo.com
mailto:cmszhy@hhu.edu.cn
www.sciencedirect.com/science/journal/23071877
https://www.journals.elsevier.com/journal-of-engineering-research
https://doi.org/10.1016/j.jer.2023.12.006
https://doi.org/10.1016/j.jer.2023.12.006
https://doi.org/10.1016/j.jer.2023.12.006
http://creativecommons.org/licenses/by/4.0/


Journal of Engineering Research xxx (xxxx) xxx

2

The stress process of the underreamed ground anchor is divided into 
three stages [32]: static earth pressure stage - transition stage - plastic 
zone compaction - expansion stage, among which the first stage is 
mainly influenced by side friction while the last two stages are mainly 
influenced by end resistance. 

The failure modes of the underreamed ground anchor are mainly 
divided into three types, namely, the failure of the rod body, the 
cracking of the grouting body and the rod body, and the failure of the 
soil around the anchor [10]. Among them, the first two failure modes 
can be avoided by selecting reasonable structural parameters, while the 
third one often occurs in practical engineering. 

Gao et al. [12] pointed out that uplift resistance of anchor plates 
were substantially influenced by anchor embedment ratio. In reinforced 
soil, increasing the embedment ratio greatly improved the ultimate 
bearing capacities of anchor plates. Zeng et al. [35] divided the failure 
modes of the soil around the anchor into shallow buried failure and deep 
buried failure according to the ratio of the buried depth of the under-
reamed body to the diameter of the underreamed body, which is 
regarded as the depth-diameter ratio, and it is pointed out that when the 
depth-diameter ratio is less than 5, the soil around the anchor will suffer 
shallow buried failure; when the depth-diameter ratio is greater than 5, 
the soil around the anchor will suffer deep buried failure. Hsu and Liao 
[15] pointed out that the shallow buried failure is the general shear 
failure of the soil around the anchor, and the deep buried failure is the 
local shear failure of the soil around the anchor. It is considered that the 
critical ratio of the depth to diameter ratio of these two failures is shown 
in Figs. 7–8. Guo [13] pointed out that the failure modes of the soil 
around the anchor are divided into three categories: shallow buried 
failure, transition failure and deep buried failure. Among them, the 
general shear failure occurs in the soil around the anchor under shallow 
buried failure and transition failure, while the local shear failure occurs 
in the soil around the anchor under deep buried failure. ILamparuthi and 
Muthukrishnaiah [16] pointed out that the general shear failure surface 
is approximately wavy while the local shear failure surface is approxi-
mately ellipsoidal, as shown in Fig. 2. 

The main factors which influence the bearing capacity of the 
underreamed ground anchor are: structural parameters of the rock bolt 
[35], physical and mechanical parameters of the soil around the anchor 
[24], arrangement spacing [37], inclination of the rock bolt [9,34], 
grouting material [8,22]. 

In terms of the prediction of the ultimate bearing capacity of the 
underreamed ground anchor, Cheng et al., [7], Shi [30] and others put 
forward empirical formulas respectively. The prediction formula of 
bearing capacity which is more representative and adopted in the 
standard JGJ/T 282 [20] comes from Zeng et al. [35] in literature, and 
the calculation formula is: 

T = πD1L1τf + πD2L2τfd +
π
4
(
D2

2 − D2
1

)
PD (1) 

T - ultimate bearing capacity of underreamed ground anchor, 
D1, D2 - diameters of the ordinary anchoring section and the under-

reamed anchoring section, 
L1, L2 - lengths of the ordinary anchoring section and the under-

reamed anchoring section, 
τf, τfd - frictional resistance strength at the interface between the 

ordinary anchoring section as well as the underreamed anchoring sec-
tion and the anchored stratum, 

PD - normal stress strength of the underreamed end face. 
The end stress of the vertical rock bolt is: 

σy =
(K0 − ξ)Kpγh + 2c

̅̅̅̅̅̅
KP

√

1 − ξKP
(2) 

ξ - side pressure coefficient, ξ = (0.5–0.95)Ka, 
K0 - static earth pressure coefficient of the soil before the under-

reamed end, which is based on experience K0 = 1-sin(1.3φ), φ is the 
internal friction angle of the soil before the underreamed end, 

Kp - Rankine passive earth pressure system coefficient of the soil 
before the underreamed end, 

γ - weighted average weight of overlaying soil of the underreamed 
body, 

h - buried depth of the underreamed body, 
c - soil cohesion before the underreamed end. 
The biggest defect of this formula lies in the lack of theoretical basis 

for the value of the lateral pressure coefficient ξ, and its value range is 
large, resulting in a large difference between the predicted value and the 
measured value. Zhao [36] pointed out that when calculating the ulti-
mate bearing capacity of the underreamed ground anchor, the side 
friction and the end resistance cannot be simply added, but the weight of 
the side friction should be appropriately increased, which means that 
the enhancement coefficient λ = 1.10–1.25 should be multiplied before 
the side friction item. Nevertheless, the specific value of the enhance-
ment coefficient needs to be further determined by theory and 
experiment. 

To sum up, it is difficult to accurately determine the parameters of 
the end resistance formula in the current industry standard, so the 
estimated end resistance often cannot reflect the real situation of the 
underreamed anchor. In order to solve this problem, in this paper, the 
elucidation of load transfer law is expounded when local shear failure 
occurs in the soil around anchor under vertical pulling action of 
underreamed anchor, and a model of end resistance model of 

Fig. 1. Force diagram of underreamed ground anchor.  

Fig. 2. Failure modes of the soil around the anchor.  
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underreamed anchor is proposed. The model can be used to calculate the 
end resistance while avoiding uncertainty of parameters in the current 
formula. Numerical simulations and field tests show that the proposed 
model significantly improves the accuracy of calculating end resistance 
of underreamed anchor. 

Since the frequency of general shear failure in practical engineering 
can be reduced by setting the minimum buried depth, this paper focuses 
on forecasting the ultimate bearing capacity of the underreamed ground 
anchor under local shear failure. 

Forecasting approach of ultimate bearing capacity of 
underreamed anchor 

The calculation methods of structural bearing capacity mainly 
include limit analysis method, finite element limit analysis method and 
limit equilibrium method [3,25,33]. The upper bound theorem of limit 
analysis [18,19] expresses that if any kinematically admissible velocity 
field (the one that satisfies the compatibility conditions, normality re-
quirements, and velocity boundary conditions) can be considered in the 
problem domain, the upper bound solution can be found by equating the 
work done by the external loads to the internally dissipated energy, 
indicating that the collapse is either imminent or incipient. With the 
framework of the lower bound theorem of the limit analysis [28], the 
collapse load can be directly evaluated through a determined statically 
admissible stress field within the soil mass by satisfying a number of 
equality and inequality constraints. 

As the conventional bound theorems of limit analysis are predicted 
on the assumption of either statically stress field or kinematically 
permissible velocity field, the accuracy of the results is contingent upon 
the soundness of such an assumption. To overcome this limitation, Sloan 
[31] proposed finite element limit analysis. The finite element limit 
analysis combines the features of conventional limit analysis and finite 
element method, and mutually overcomes their restrictions. Unlike the 
conventional bound theorems of limit analysis, the finite element limit 
analysis requires neither any initial assumption for statically admissible 
stress field nor any kinematically permissible velocity field. However, 
there is a big gap between the upper limit solution and the lower limit 
solution calculated by finite element limit analysis, so we can only 
simply choose the average value of the two as the standard value. 

The limit equilibrium method [11] is a commonly used method to 
calculate the bearing capacity of structures. Its basic idea is to find out 
the stress state that causes stable failure of structures by changing the 
stress state under the premise of satisfying the equilibrium condition. At 
present, most of the two-dimensional structure stability analysis soft-
ware used in practical engineering is based on the traditional limit 
equilibrium method, and many analysis results show that the limit 
equilibrium method has a good guiding significance for the actual 
structure stability evaluation, which means that the limit equilibrium 
method is reliable in theory. 

Since the deformation zone of the soil around the anchor under local 
shear failure is approximately ellipsoidal, this section establishes a 
calculation method of end resistance based on the limit equilibrium 
theory according to the ellipsoidal deformation zone, and then combines 
it with the calculation method of side friction proposed in the standard 
BS 8081 [6] to establish a forecasting approach of the ultimate bearing 
capacity of underreamed ground anchor. 

As to the geometric size of the ellipsoidal deformation zone, we make 
the following assumptions based on the theory of soil mechanics:  

(1) The angle between the tangent line of the ellipsoidal deformation 
zone outside the top surface of the underreamed anchoring sec-
tion and the horizontal plane is θ;  

(2) The ratio of the semi-major axis b to the semi-minor axis a of the 
ellipsoid is t;  

(3) The model is an axisymmetric model with the central axis of the 
underreamed ground anchor as the symmetry axis. 

We take the spherical center of the ellipsoid as the coordinate origin 
to establish the elliptic equation, with the horizontal direction as the x 
axis and the vertical direction as the z axis. Taking the ellipse as the 
isolator for force analysis, as shown in Fig. 3. The isolator is subjected to 
the earth pressure of the overlaying soil, the lateral earth pressure, the 
self-weight of the isolator, the shear force of the soil around the anchor, 
and the end resistance of the underreamed anchoring section. Since the 
isolator is symmetrical, the lateral earth pressures in the horizontal di-
rection offset each other. 

According to the geometric boundary conditions of the isolator on 
the top surface of the underreamed anchoring section, the elliptic 
equation can be given as follows: 

x2

a2 +
z2

b2 = 1 (3)  

z′x=R = tan θ (4)  

b = at (5) 

The slope of the top surface of the underreamed anchoring section is: 

z′ = −
b2x
a2z

(6)  

zx=R = − b
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
R2

a2

√

(7) 

R - radius of the underreamed anchoring section. Put Eqs. (5)–(7) 
into Eq. (4), and it can be obtained that: 

a = R
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

t2

tan2θ
+ 1

√

(8)  

b = Rt
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

t2

tan2θ
+ 1

√

(9) 

The height of the elliptical deformation zone h0 is: 

h0 = Rt

(
t

tan θ
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
t2

tan2θ
+ 1

√ )

(10) 

The maximum width of the elliptical deformation zone D0 is: 

Fig. 3. Force analysis of deformation zone of the soil around the anchor.  
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D0 = 2R
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

t2

tan2θ
+ 1

√

(11) 

We divide the elliptical micro-element into upper and lower parts for 
force analysis, as shown in Fig. 4. In Fig. 4(a), the normal stress acting on 
the external surface of the micro-element σ is: 

σ = ΔG cos β+K⋅ΔG⋅ sin β (12)  

ΔG = ρg

⎛

⎝H − b
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
R2

b2

√

− z −
Δz
2

⎞

⎠ (13) 

K - soil lateral pressure coefficient, 
ΔG - pressure of the overlaying soil on the surface of the micro- 

element, 
ρ - density of the soil around the anchor, 
H - buried depth of the underreamed anchoring section. 
When the isolator reaches the limit equilibrium state, it can be ob-

tained from the Mohr-Coulomb equation that: 

τ = σ tan φ+ c (14) 

τ - shear stress of the micro-element, 
φ - internal angular friction force of the soil around the anchor, 
c - cohesion of the soil around the anchor. 
The resultant force of the vertical component of the upper half 

elliptical shear force is: 

Tu =

∫

τ⋅ sin β⋅Δz⋅2π(x+Δx) (15) 

Put Eqs. (8)–(9) and Eqs. (12)-(14) into Eq. (15), and it can be ob-
tained that: 

Tu =

∫ b

0

⎡

⎣ρg tan φ

⎛

⎝H − b
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
R2

a2

√

− z −
Λz
2

⎞

⎠(cos β+K sin β)+ c

⎤

⎦

⋅2π
(

x+
Δx
2

)
⋅Δz⋅ sin β

(16) 

The elliptic parameter equation is: 

x = a cos α (17)  

z = b sin α (18) 

Put Eqs. (17)-(18) into Eq. (15) as well as omit the higher-order 
infinitesimal terms, and then it can be obtained that:   

Owing to the failure to obtain the analytical solution of Eq. (19), we 
simplify the equation, and it can be seen that both the two integrals of 
the equation contain one term: 

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
sin2α + t2cos2α

√ (20) 

Reduce this item to: 

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
t2sin2α + t2cos2α

√ =
1
t

(21) 

Enlarge this item to: 

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
sin2α + cos2α

√ = 1 (22) 

If the difference between Eq. (21) and Eq. (22) is t times, it means 
that the difference between the original value and the simplified value is 
not more than t times. In view of the safety factors of engineering design, 
we adopt the reduced term Eq. (21) to make the predicted value of 
bearing capacity smaller. The resultant force of the vertical component 
of the simplified upper half elliptical shear force is: 

Tu = πρga2b tan φ

⎡

⎣1
2

⎛

⎝H − b
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
R2

a2

√ ⎞

⎠

(

Kπ −
1
t

)

−
2
3

bK

⎤

⎦ (23) 

The force analysis of the lower half of the elliptical deformation zone 
is shown in Fig. 4(b). Taking advantage of the same method, the resul-
tant force of the vertical component of the lower half elliptical shear 
force can be obtained as follows: 

Fig. 4. Force analysis of elliptical micro-element.  

Tu = 2πρgab2 tan φ

⎛

⎝H − b

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
R2

a2

√ ⎞

⎠
∫ 2π

0

Kt − sin α cos α
sin2α + t2cos2α

⋅cos2αdα

− 2πρgab3 tan φ
∫ 2π

0

Kt − sin α cos α
sin2α + t2cos2α

⋅ sin αcos2αdα − 2πρgab2c tan φ
∫ 2π

0

cos3α
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
sin2α + t2cos2α

√ dα

(19)   
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Td = 2πab
∫ π

2

0

⎡

⎣Kρg

⎛

⎝H − b
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
R2

a2

√ ⎞

⎠ t2cos4α
sin2α + t2cos2α

tan φ

− Kbρg
t2 sin αcos4α

sin2α + t2cos2α
tan φ+

ctcos3α
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
sin2α + t2cos2α

√

⎤

⎦dα

(24) 

Similarly, the reduced and simplified items can be used to obtain 
that: 

Td =
π
2

abKρg

⎛

⎝H − b
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
R2

a2

√ ⎞

⎠tan φ −
2
5

πab2Kρg tan φ+
4
3

πabc (25) 

Hence, the resultant force of the shear force of the soil around the 
anchor to the isolator in the vertical direction is: 

T = Tu +Td =
π
2

abρg tan φ

⎛

⎝H − b
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
R2

a2

√ ⎞

⎠

(

K + a
(

Kπ −
1
t

))

− πab2Kρg tan φ
(

2
5
+

2
3

a
)

+
4
3

πabc

(26) 

Since the end resistance calculation method deduced in this paper is 
based on the local shear failure of the soil around the anchor, the 
ellipsoidal deformation zone of the local shear failure mode occurs in-
side the soil. With the increase of the pull-out load, the size of the 
deformation zone gradually increases. Additionally, the compression 
effect on the soil around the anchor is enhanced. Thus, the lateral 
pressure coefficient K adopted in this paper is the passive earth pressure 
coefficient. 

The gravity of the overlaying soil on the isolator is: 

G =
π
4

D0
2⋅ρgH (27) 

Due to the balance between the vertical resultant force of the end 
resistance and the shear force of the soil around the anchor to the 
isolator and the sum of the gravity of the overlaying soil, it can be ob-
tained that: 

Qe = G + T = πa2γH +
π
2

abρg tan φ

⎛

⎝H − b

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
R2

a2

√ ⎞

⎠

(

K + a
(

Kπ −
1
t

))

− πab2Kρg tan φ
(

2
5
+

2
3
a
)

+
4
3
πabc

(28)  

a - semi-minor axis of elliptic deformation area around anchor, 
b - semi-major axis of elliptic deformation area around anchor, 
t - b/a, 
γ - heavy overlying soil, when the buried depth of the expanded bolt 

is lower than the groundwater level, the floating weight can be adopted, 
ρ - soil density around anchor, 
φ - internal friction angle of soil around anchor, 
K - passive earth pressure coefficient, 
c - cohesiveness of soil around anchor, 
H - embedment depth of underreamed anchor, 
R - anchorage radius of expansion body. 
The bearing capacity of the underreamed ground anchor includes 

end resistance and side resistance. The end resistance can be obtained 
through Eq. (28), while the side friction is determined by the calculation 
method proposed in the British Industry Standard (2015), which is: 

Qs = Qsl +QsL = caπdLd + cuπDLD (29) 

Qs - total side friction resistance of the underreamed ground anchor, 
Qsl - side friction resistance of the ordinary anchoring section, 
QsL - side friction resistance of the underreamed anchoring section, 
cu - undrained shear strength of the soil layer around anchor of the 

underreamed anchoring section, 

ca - ultimate bond strength of the interface between the ordinary 
anchoring section and the soil layer around the anchor, and it generally 
takes 0.3–0.35cu, 

Ld - length of the ordinary anchoring section, 
LD - length of the underreamed anchoring section. 
So that the ultimate bearing capacity of the underreamed ground 

anchor is: 

Q = Qe +Qs (30)  

Method validation 

In order to verify the validity of the end resistance model for fore-
casting the ultimate bearing capacity of the underreamed ground anchor 
in this paper, numerical simulation and two groups of field test data are 
applied for calibration in this section, namely, the field pull-out test of 
the underreamed ground anchor in Nanjing and Langfang. 

Numerical verification 

In this section, numerical simulation was performed to verify validity 
of the end resistance model. Basic assumptions proposed in the numer-
ical modeling of the multi-factor, multi-parameter underreamed anchor 
pullout test were as follows: 

(1) The material chosen for the numerical simulation was a contin-
uous, homogeneous and isotropic elastomer;  

(2) The principal structure model of the foundation model was Mohr- 
Coulomb model, and the shear expansion angle of soil particles 
was taken as 0.1◦;  

(3) The model was an axisymmetric model in space;  
(4) The load-bearing performance of underreamed anchor was 

mainly based on interaction between contact surface of under-
reamed anchor and soil around anchor. 

The pullout force in the soil around anchor was distributed axially 
symmetrically along the central axis, so 1/2 of the solid structure was 
taken for the geometric modelling. To avoid dimensional effects, the 
horizontal dimension of foundation model was taken as 15–25 times the 
diameter of underreamed anchor. For the setting of boundary condi-
tions, all degrees of freedom at the bottom of the foundation model were 
constrained at the time of modeling. For each of the four sides of 
foundation model, constrained only the displacement in a certain hori-
zontal direction. For example, constrained only the displacement in x- 
direction of side parallel to y-axis. Ground stress was applied to the 
entire underreamed anchor - perimeter soil model to bring its initial 
displacement field close to zero. 

For the setting of contact stiffness of underreamed anchor - anchor 
perimeter soil interface, the friction coefficient of the tangential 
behavior penalty function was taken as 0.1–0.3 in the column of finite 
element software ABAQUS interaction, and the rest was the default 
setting of software. Linearity was chosen in the column of normal 
behavior stress overload, and the contact stiffness was set as follows: 

kn = 10⋅ max

⎛

⎜
⎝

K + 4
3 G

Δzmin

⎞

⎟
⎠ (31)  

K =
E

3(1 − 2μ) (32)  

G =
E

2(1 + μ) (33)  

where K was the bulk modulus, G was the shear modulus, Δzmin was the 
minimum mesh size on the contact surface, E was the modulus of 
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elasticity of the foundation, and µ was the Poisson’s ratio of the 
foundation. 

The modeling parameters were as follows: number of expanded 
segments n = 1; expanded length L= 50 mm; non-expanded segment 
length l= 550 mm; expanded radius R= 20 mm; non-expanded radius 
r = 4 mm; peri-anchor soil density ρ = 1473 kg/m3; peri-anchor soil 
elastic modulus E = 2.5 × 107 Pa; peri-anchor soil Poisson’s ratio 
μ = 0.3; peri-anchor soil cohesion c= 3000 Pa; friction angle of peri- 
anchor soil φ = 28◦; passive lateral pressure coefficient of peri-anchor 
soil K= 0.25; modulus of elasticity of expanded anchorage section 
E = 2.8 × 108 Pa; Poisson’s ration of expanded anchorage section 
μ = 0.22; density of expanded anchorage section ρ = 2360 kg/m3; 

modulus of elasticity of non-expanded anchorage section 
E = 2.05 × 1011 Pa; Poisson’s ratio of non-expanded anchorage section 
μ = 0.27; density of non-expanded anchorage section ρ = 7850 kg/m3. 

When load was 500 N, the end resistance of expanded anchorage 
section was 347 N, as shown in Fig. 5. Due to the symmetric modeling, 
actual simulated value of end resistance was 694 N. The soil damage 
area around anchor was semi-elliptical, as shown in Fig. 6. Based on the 
set grid size, half- length axis a of the anchor perimeter soil damage zone 
was calculated to be 0.135 m, and half-short axis b was 0.0675 m. 
Substituting the values of semi-long axis a, semi-short axis b and 
modeling parameters into Eq. (28), the theoretical value of end resis-
tance was 636 N. The error between simulation and model value was 
8.4%, which met requirements of engineering specifications. 

Demonstration case 1 

In this section, the reliability of end resistance model was verified 
through Nanjing field tests [13]. The working conditions for field test 
were: cohesion of the soil around anchor is c= 10kPa, internal friction 
angle is φ = 14.3◦, soil weight is γ’= 7.7 kN/m3, burial depth H= 12 m, 
diameter of underreamed anchorage section is D= 0.8 m, length of 
underreamed anchor section is LD= 2 m, diameter of ordinary 
anchorage section is d= 0.2 m. The calculated values of end resistance 
Qe and side friction resistance Qs for this condition could be obtained by 
Eqs. (28)-(29), and the results were listed in Table 1. 

When end resistance and side friction resistance were known, the 
ultimate bearing capacity of underreamed anchor could be derived from 
Eq. (30) as 454.1 kN. Field test measured value was 450 kN, and the 
relative error was 0.9%, which met requirement of engineering speci-
fication. Lateral pressure coefficient ξ in Eq. (2) is the lateral pressure 
coefficient reflecting crowding effect of soil when expanded anchorage 
section is displaced forward, which can be taken as (0.5–0.9)Ka for non- 
prestressed anchors, and Ka is the main moving soil stress coefficient. ξ is 
related to the strength of soil at the front end of expended anchorage 
section. The upper limit should be taken for clayey soils with good 
strength and denser sandy soils, and the lower limit should be taken for 
soils with lower strength. Based on Eq. (2), the interval of end resistance 
Qe could be obtained as 94–280 kN. Since expended anchorage section 
in the field test is buried in silty clay with low strength, ξ was taken as 
0.6Ka and the end resistance Qe was 106 kN. Standard JGJ/T 282 [20] 
stipulates that average side friction resistance of common anchorage 
section and expanded anchor section in silty soil was 16–20kPa, and this 
paper took 20kPa, so the side friction resistance of common anchorage 
section and expanded anchorage section was 100 kN, then the ultimate 
bearing capacity of expanded anchor was 357 kN, and the relative error 
with field measured value is − 21%. The absolute value of relative error 
was higher than that of expanded anchor limit bearing capacity calcu-
lation method established in this paper.. 

Fig. 5. End resistance of anchor segment with expanded body.  

Fig. 6. Displacement nephogram of the anchorage soil.  

Table 1 
Calculation results of underreamed anchors in Field test 1.  

Underreamed anchor area Shear strength cu (kPa) Side friction resistance Qs (kN) End resistance Qe (kN) 

Ordinary anchorage section  18.9  42.7 - 
Expanded anchorage section  29.2  146.8 264.6  

Table 2 
The geometric parameters of the capsule-type underreamed anchor in Langfang test site.  

Group Underreamed anchor length LD [m] Ordinary anchor length Ld [m] Underreamed anchor diameter D [mm] Ordinary anchor diameter d [mm] 

1 3.0 12 800 180 
2 1.5 13.5 
3 3.0 18.0 700 
4 1.5 19.5  
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Demonstration case 2 

In the field pull-out test of underreamed ground anchor in Langfang 
[13], a total of 4 groups of 8 capsule-type underreamed ground anchors 
were applied for ultimate pull-out test. The geometric parameters of the 
rock bolts were listed in Table 3. Soil around anchor was mainly 
powdered clay and the physical and mechanical parameters of the soil 
were listed in Table 3. 

Eqs. (28)-(29) were taken to calculate the end resistance and side 
friction of 8 underreamed ground anchors respectively. The bearing 
capacity values of the two underreamed ground anchors in the same 
group were averaged and compared with the measured values. The 
calculation results were listed in Table 4. The error range between 
calculated and measured ultimate bearing capacity values of eight 
underreamed anchors was 3.9%− 12.3%, which met requirements of 
engineering specifications. 

Discussion 

From the comparison results of the demonstration cases in Section 3, 
it can be observed that the method proposed in this paper can better 
forecast the ultimate bearing capacity of the vertical underreamed 
ground anchor under local shear failure owing to the prediction results 
with small error, which are all less than 25%. It turns out to be more 
accurate than the results obtained by the standard JGJ/T 282 [20]. The 
advantage of this method is that the physical meaning of the parameters 
in the proposed formula is clear. When the geometric parameters of the 
underreamed ground anchor and the physical and mechanical parame-
ters of the soil around the anchor are known, the formula can be utilized 
to obtain the ultimate bearing capacity of the underreamed ground 
anchor, providing a certain reference for the design of the underreamed 
ground anchor in the practical engineering. 

Conclusions 

In this paper, the end resistance model of underreamed anchors 
subjected to local shear damage of soil around anchor by vertical pulling 
is proposed. Based on elucidation of load transfer law when local shear 
damage occurs in the soil around anchor under vertical pulling action of 
underreamed anchor, a model of end resistance of underreamed anchor 
is proposed. The parameters of model can be precisely determined, 
solving the problem that parameters of end resistance formula in the 
current industry specification are difficult to determine. The end resis-
tance model was experimentally verified to have higher calculation 
accuracy than existing methods. The numerical simulation error was 

8.4%, error of test 1 was 0.9%, error range between calculated and 
measured ultimate bearing capacity values of eight underreamed an-
chors in test 2 was 3.9%− 12.3%, which significantly exceeded speci-
fication calculation accuracy. In the future research, we will further 
explore the forecasting approach of the ultimate bearing capacity of the 
underreamed ground anchor with different inclination angles. 
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