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Abstract-In the present research work, a one-dimension finite 

element model has been developed to simulate both compression 

and tension types of grouted ground anchors. The steel tendon-

grout interface has been modeled by using the local bond-slip 

model, while the soil-grout interface has been modeled with a 

series of perfectly elastic plastic springs. The verification of the 

proposed one-dimension finite element model has been made by 

comparison of the model results with a three-dimension finite 

element model developed by commercial finite element software 

PLAXIS, and with the results of field tests of tension-type 

grouted ground anchor. A parametric study has been made to 

study the load-transfer mechanism for both types of anchors, 

compression, and tension. The compression-type anchor exhibits 

less displacement than the tension one under the same applied 

load. The developed strain in the grouted body of the 

compression-type anchor is much smaller than the tension-type 

one, regardless of the type of strain. 

Keywords-ground anchor; finite element; sandy soil; 

compression anchor; grout 

I. INTRODUCTION  

One dimensional finite element modeling has been widely 
used to model pile foundations with all types of loadings, i.e. 
axial, lateral, and torsional [1-3]. A pile foundation is modeled 
by dividing it into a certain number of elements, the type of 
which depends on the geometry of the problem, loading type, 
and boundary conditions. Two noded bar elements, with one 
degree of freedom per node, can be used effectively in axial 
loading conditions in both compression and tension. The soil 
resistance is modeled by using linear or nonlinear springs 
connected to every node. The grouted ground anchor could be 
modeled by the same method of pile foundation modeling, with 
adjustments due to differences between the two geotechnical 

elements. 

Many researchers have used one-dimension finite elements 
to model the grouted ground anchor. Authors in [4, 5] 
presented a one-dimensional finite element model of the 
compression grouted ground anchor pull-out test. Two noded 
bar elements with one degree of freedom in the axial direction 
at each node have been used to simulate the grouted body. 
Since the anchor is a compression type, i.e. the grouted body is 
always subjected to compression stress, a linear elastic model is 
used to model the grout. According to the loading mechanism 
of the compression anchor, the point of load application is 
located at the bottom node of the grouted body, so the strand 
has not been involved in the finite element model. The 
surrounding soil has been simulated by a nonlinear spring 
model governed by a (t-z) hyperbolic relation. Authors in [6] 
used a one-dimension finite element to simulate an 
instrumented field test of grouted ground anchor. Spring 
elements have been used to model separately the strands and 
the grout. Along the free length of the anchor, there are no 
connections between the adjacent nodes of the strand and the 
grout, while these nodes have been connected along the bonded 
length of the anchor, to model the bond between the strand and 
the grout, by using the damage model proposed in [7, 8]. 
According to it, the interface stiffness decreases as the relative 
displacement between adjacent nodes of strand and grout 
increases. The surrounding soil has been modeled by linear 
elastic springs connected to the nodes of the grout elements. 
This model was used because the strength of the surrounding 
soil in the field test has not reached its peak strength. Steel 
strand behavior has been modeled as linear elastic. The grout 
under compression has been modeled as linear elastic, while it 
has been considered to have zero stiffness under tension.  
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II. FINITE ELEMENT MODELING 

A finite element model has been developed to simulate the 
tension-type and the compression-type ground anchors in this 
work. Two noded rod elements have been used to model the 
grouted body along the free and bonded lengths. Each node has 
one degree of freedom in the axial direction. The tendon has 
been modeled along the bonded length only, by using the same 
element that has been used to simulate the bonded length of the 
grouted body. The stiffness of the bar element for both grout 
and tendon is calculated by using (1) and (2): 

��������	 = ��������
�  × � 1 −1

−1 1 �    (1) 

����	����� = ���������
�  × � 1 −1

−1 1 �    (2) 

where l is the length of the element, E is the modulus of 
elasticity, and A is the cross-section area respectively, for both 
grouted body and tendon according to the subscript.  
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Fig. 1.  One-dimensional finite element modelling of ground anchor, A: 

tension type and B: compression type. 

The stiffness of the bonded length is the summation of the 
stiffnesses of the grout and the tendon, as shown in (3). The 
tendon along the free length is not considered, as the load 
application point is located at the top end of the bonded length, 
for tension anchor type, as shown in Figure 1. For 
compression-type anchors, the load application point is located 
at the toe of the anchor, and the total length of the anchor is 
considered a free length. The stiffness of the element along the 
free length is only the grout stiffness, as shown in (4). The load 
is applied at the top node of bonded length the in the case of the 
tension anchor, while the load is applied at the tip nod of the 
anchor model. Figure 1 shows a schematic diagram of the one-
dimensional finite element model for tension and compression 
types of ground anchors. 

���� ����� = �������	 + ���	�����    (3) 

����"��� = �������	     (4) 

A. Soil-Grout Interface Modeling 

The interface between soil and grouted body is modeled 
using a nonlinear spring connected to all the grouted body 
nodes to represent the soil's reaction forces. Elastic perfectly 
plastic (t-z) relation for sandy soils, suggested by the American 
Petroleum Institute [9], is used to represent the nonlinearity of 
soil springs. An elastic-perfectly plastic model has been used to 
simulate the pile shaft resistance, [2, 9-12]. It has been also 
used to model the grout-soil interface in grouted ground 
anchors [6, 13-15]. As shown in Figure 2, the y axis represents 
a percent of the mobilized shear stress along with the anchor-
soil interface τ to maximum shear stress (τmax), which is 
calculated by [16]:  

#$%& = '́) × � × *+, -    (5) 

where '́) is the vertical effective stress, K is the coefficient of 
lateral earth pressure, and φ is the angle of internal friction of 
the soil. φ was used instead of the interface angle between the 
grout and the soil δ, because δ is equal to φ in a good 
construction method and cast in place concrete to provide a 
rough grout interface, [17, 18]. 

The value of K is estimated based on field tests. It ranges 
from 1 to 2 for coarse silt and fine sand to dense sand and 
gravel, with grouting pressure less than 10 bar [19]. The 
stiffnesses of soil springs are added to the global stiffness 
matrix, as shown in (6): 

������ %� = ������ %� + ���./�0��    (6) 

 

 

Fig. 2.  (t-z) Load transfer relation for sand, (after API, 2005). 

B. Grout Modeling  

Due to the similarity of the grout material with the concrete 
material, the stress-strain relation of the concrete under uniaxial 
compression, suggested by European Standards [20] has been 
used to model the grouted body under compression. Figure 3 
shows the used constitutive model of grout under uniaxial 
compression. Equations (7)-(13) describe the adopted model. 

'1 = 21$ 3 45657

89�46:�5;    (7) 

< = 8.>?×�@A|C@D|
"@A

    (8) 

E = C@
C@D

    (9) 

21$�MPa� = 214 + 8     (10) 
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J1�8�%� = 0.35,     for 214 S 50MPa    (11) 

J18(%) = 0.07 × 21$
>.U8 S 0.28%    (12) 

W1$ = 22 �"@A
8> �>.U

    (13) 

where fck is the cylinder compression strength at 28 days, in 
MPa, fcm is the mean of cylinder compressive strength, and all 
the other parameters are shown in Figure 3. 

 

 

Fig. 3.  Constitutive model of grout under compression, (after BS EN 

1992-1-1:2004). 

A linear elastic constitutive relation has been used to model 
the grout material under tension stresses before reaching the 
initial crack. The cracking strain of the grout under tension is 
about (1×10

-4
) [21, 22]. The grout stiffness is ignored after 

reaching the cracking strain. 

C. Strand-Grout Interface Model 

The grout-tendon interface is modeled by the local bond 
stress-slip model for a smooth bar [23], under tension stresses, 
along the bonded length of the anchor. The adopted model is 
shown in Figure 4 for smooth bars. Equations (14)-(16) 
describe the adopted strand-grout interface model. 

 

 

Fig. 4.  Local bond stress-slip model for smooth bar, after Ceb Fip, 1990. 

# = #$%&(X X8⁄ )Z ,    for 0 S X S X8    (14) 

# = #$%&  , for X [ X8     (15) 

#$%& = #" = 0.3\214    (16) 

where τ is the shear stress between grout and bar, τmax is the 

maximum shear stress between the grout and the bar, which is 
equal to τf, which is the residual shear stress after slippage 

occurs, s is the relative displacement between the grout and the 
bar, s1 is the relative displacement at τmax (s1=0.1mm), fck is the 

cube strength of the grout, and α=0.5. 

The finite element formulation of the strand-grout interface 
model is made by modifying the applied load vector, according 
to the relative displacement, and the shear stress between the 
strand and the grout is calculated according to (14)-(16). The 

main applied load is reduced by (∑ 0̂0_�0_8 ), where n is the 
number of elements that the slip of the occurred strand-grout 
interface, and F is the strand-grout interface force which is 
calculated from: 

0̂ = #0 × `    (17) 

` = a. × b���$��	     (18) 

a. = c × �de×f×g�$e
: �    (19) 

where # is the shear stress between the strand and the grout, i 
refers to the number of elements that the slip has occurred, A is 
the total outside area of all strands surrounding the grout, Ps is 
the outer perimeter of the strand wires, as shown in Figure 5, 
Lelement is element length, m is the number of strands used in the 
grouted ground anchor, Ds is the diameter of the strand outer 
single wire, (which is typically equal to 5mm), and Nums is the 
number of outer wires in the single strand as illustrated in 
Figure 5. 

Each interface force calculated from (17) is applied to the 
specified element at the end of each node, and one-half force is 
applied to each node. The location of the main applied force is 
changed according to the last element in which the slippage 
does not occur, i.e. magnitude, number, and location of the 
applied load are changed according to the bond-slip model 
between the strand and the surrounding grout, as shown in 
Figure 6. The interlock between grout and strand group due to 
using centralizers and spacers ([24]) is neglected.  

 

D

Ps (Strand Perimeter)

Ds

 

Fig. 5.  Section in the strand and outer perimeter of outer wires. 

In the case of a compression anchor, there is no connection 
between the grout and tendon under compression stress 
(unbonded length of the anchor).  

D. Nonlinearity Procedure 

The nonlinear behavior of interface spring has been 
achieved by using the direct iteration method as shown in 
Figure 7. In this method, the stiffness will be modified in each 
iteration as described in the algorithm below [25]. 
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Fig. 6.  Change of loads locations and magnitude according to the slip 

model for tension anchor. 

 

Fig. 7.  Direct iteration method. 

The following steps illustrate the iteration procedure used to 
calculate the stiffness of the soil interface, see Figure 8: 

 Calculation of the initial stiffness of soil spring using [26]: 

�._0�0	0%� = :fijk
l     (20) 

where L is the length of the element, Ğ is the average shear 

modulus at the node depth, m = n, 32o$ pq ;, rm is the max. 

radius at which soil deformation is very small and it could be 
neglected, and p is the anchor grouted body diameter. 

 Adding the calculated above initial stiffness of soil spring, 
to the global stiffness matrix, as presented in (6). 

 

[K]s(initial) 

[K]g=[K]g(initial)+[K]s

[δ]i=[K]g
-1

 {f}

i=1

[δ]i+1-[δ]i ≥ error

or

i≤ max no. of iteration

τi=f{δi}, from t-z relation 

NO

NO

YES

Pi=τi*A(side area)

Ksi=Pi/δi

End 

YES

Start

 
Fig. 8.  Flow chart of the iteration loop of soil spring calculation. 

 Solving the finite element equation to obtain the nodal 
displacement (21): 

rst0 = ������ %�68 × r2t    (21) 

 Using the nodal displacement obtained in the third step to 
obtain the shear stress of anchor skin at the node depth from 
the (t-z) curve. Nodal force is calculated by multiplying the 
shear stress with the side surface area of the grouted body 
between the centers of adjacent elements {A}, as presented 
in (22): 

r2t0 = r#t0 × r`t    (22) 

 Calculating a new spring stiffness: 

u�./�0��v0 = r2t0 rst0
w     (23) 

 Adding the calculated spring stiffness to the global stiffness 
matrix as in (6). 

 Repeat steps 3 to 6 to find the nodal displacement {δ}i+1. 

 Comparing the difference between two successive 
calculated displacements with the convergence criterion, as 
in (24): 

|rst098 � rst0| S xooyo    (24) 
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As long as the convergence criterion doesn’t match, steps 3 
to 6 shall be repeated until reaching the maximum number of 
trials, which have been chosen to be 10

3
. 

E. Boundary Conditions 

All nodes of the model have one degree of freedom in the 
vertical direction, which is the direction of the force application 
and no movements are allowed in the other directions. In the 
case of an existing structure at the head of the anchor, like the 
retaining structure or foundation, node no. 1 will be restricted 
in the vertical direction. 

F. Failure Criteria 

The failure criteria of the grouted ground anchor are 
considered below. They take place first in each element, 
according to the models explained previously: 

 Debonding between grout and soil. 

 Debonding between grout and tendon. 

 Crushing of the grouted body under both tension and 
compression stresses. 

 Tendon failure, by reaching the yield strength of the strand.  

G. Development of Algorithms and Verifications 

Fortran 90 programming language has been used to code 
the finite element algorithm, both the pre-processing and 
equation solver parts, to model the one-dimensional simulation 
of the ground anchor. Finite element FORTRAN 90 
subroutines [27] have been used to build the present finite 
element algorithm, as described in Table I. Open-source Code 
Blocks (Release 20.03) IDE platform has been used to compile 
and run the Fortran finite element code.  

TABLE I.  FORTRAN 90 SUBROUTINES USED [27] 

Subroutine Purpose 

formnf Forms nodal freedom array 

num_to_g Forms element connectivity vector 

fkdiag 
Forms the bandwidth vector according to the skyline 

storage system 

rod_km Forms the stiffness matrix of the rod element 

fsparv 
Solve the finite element equation system using 

Cholesky’s factorization method 
sparin 

spabac 

 

1) 3-D Plaxis Model Verification 

The finite element code has been verified with another 
finite element solution of grouted ground anchor to verify both 
the pre-processing and the equation solver. The verification is 
achieved by using a 3-D finite element model of the ground 
anchor by PLAXIS software [28]. This model is presented in 
PLAXIS verification manual for verifications purposes. The 
properties of the ground anchor model are listed below, as 
stated in PLAXIS verification manual.  

The fixed length is 4m and the free length is 5m, which 
means that the total length of the anchor is 9m. The strand 
property is EA=4.095×10

5
kN. The pullout force is estimated to 

be 752kN [29]. The maximum skin friction along the bonded 

length is obtained by dividing the pullout force by the bonded 
length (188kN/m). The skin friction is assumed to be uniform 
along the bonded length. Despite this unrealistic assumption, it 
has been adopted in the developed model for verification 
purposes. The diameter of the grouted body is 0.125m, with a 
modulus of elasticity equal to (E=2.0×10

7
kN/m

2
). 

The elements used are: 180 bar elements, with equal length 
of 0.05m. The load-displacement curves of the grouted body 
proximal end, presented in Figure 9, show very good 
agreement between the two models. This agreement gives 
validation for the developed finite element algorithm to be used 
in the modeling of the grouted ground anchors.  

 

 
Fig. 9.  Load-displacement curves for the proximal end of the verification 

model of the ground anchor. 

2) Field Tests Modeling of the Tension Anchors 

The proposed finite element model has been used to 
simulate pullout tests of three tension-type ground anchors 
constructed vertically in An-Najaf city in Iraq [30, 31]. The 
performance test is adopted for all the tested anchors according 
to the Post Tension Institute [30]. Anchors were trial anchors, 
they were tested to evaluate their pullout capacity for design 
purposes. All the tested anchors have a borehole diameter of 
150mm and a strand steel area of 560mm

2
. Strain gauges were 

instrumented along the grouted body of anchor no. (1), 
therefore, the developed strains were measured, and internal 
forces were calculated from these measurements. All the tested 
anchors did not reached failure load which makes the 
prediction of failure load inaccurate. Instead of that, the safe 
working load has been determined. 

The soil profile and corrected SPT number with depth, for 
the test site, are shown in Figure 10. The first three trial 
anchors were installed at the natural ground level, while the 
other five anchors were installed at 8m below the natural 
ground. Low grouting pressure was used for grouting all the 
tested anchors (10kPa=0.1bar) [32]. The properties of tested 
anchors with the number of elements used for each anchor 
model are listed in Table II. The modulus of elasticity for the 
strand is (Es=200×10

3
MPa), while the modulus of elasticity of 

the grout is calculated according to (25) [33], which is equal to 
Eg=22.044×10

3
MPa. 

W� = 4700 × {21|     (25) 
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TABLE II.  PROPERTIES OF TESTED GROUND ANCHORS 

Anchor 

no. 

Bonded 

length (m) 

Unbonded 

length (m) 

Unbonded length 

from the pullout 

point* (m) 

Total 

embedded 

length (m) 

No. of elements 

used in the FE 

models 

1 7 3.6 5.2 10.6 212 

2 7 5.9 7.2 12.9 258 

3 7.5 6 7.3 13.5 270 

 

Figures (11)-(13) show the total displacement of the anchor 
head vs the applied load for the measured model and the finite 
element. The displacement consists of the following 
components: 

 Elastic elongation of the tendon free length. 

 Elastic displacement of anchor grouted body. 

 Plastic displacement of anchor grouted body. 
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Fig. 10.  Soil profile and corrected SPT (N60) values for the test site. 

 

Fig. 11.  Load-displacement curves for field test and finite element model 

anchor (1). 

Comparison with only residual displacement is not possible 
in the present case, because the measured displacement 
represents only the plastic component of the anchor head 

displacement while the calculated one, through the finite 
element, represents both plastic and elastic components of the 
anchor head displacement. Through Figures 11-13, a very good 
agreement could be noticed between the measured and 
calculated displacement, taking into account that the elastic 
elongation of the tendon free length represents around (80%) of 
the total displacement.  

 

 
Fig. 12.  Load-displacement curves for field test and finite element model 

anchor (2). 

 
Fig. 13.  Load-displacement curves for field test and finite element model 

anchor (3). 

 

Fig. 14.  Strain along the grout of the anchor body. 

Figure 14 presents the measured strain along the grout 
under four loading steps vs the calculated (via finite element 
modeling) strains. The comparison between the measured and 
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the calculated strains shows good agreement in the bonded 
length part with underestimation of the peak point. There is an 
overestimation of the strain towards the anchor end. On the 
other hand, the calculated strain is less than the measured strain 
in the free length part.  

III. PARAMETRIC STUDY 

According to the previous verifications, the suggested 1-D 
finite element model is considered reasonably valid for 
producing parametric studies to investigate some properties of 
grouted ground anchors.  

A. Compression Anchor 

A comparative study has been made between compression-
type and tension-type anchors, by using the exact data of 
surrounding soil and anchor properties of trial anchor (1). The 
applied load in the case of compression anchor is at the lowest 
node of the anchor’s mesh, while it is at the proximal end of the 
bonded length in the case of tension anchor, as stated in Figure 
1. Figure 15 shows the load-displacement curves for both 
tension and compression anchors. It is noticed that the 
displacement of the compression-type anchor is less than the 
half of the displacement of the tension-type one, because the 
compression stiffness of the grout member is much higher than 
the tension stiffness. The calculated displacement represents 
the elastic and plastic components of the anchor head 
regardless of the elastic elongation of the strand. Both anchors 
are reached to fully pull out at the same load (400kN), due to 
the adopted failure modes and grout-soil shear stress 
distribution as stated in (5). 

 

 
Fig. 15.  Load-displacement curves for compression and tension anchor 

types. 

The calculated strains, for both compression and tension 
anchors, are presented in Figure 16. Obviously, in the tension 
anchor, the developed strains along the bonded length are 
tension strains, while its compression strains are along the 
unbonded length. The maximum value of strain is located at the 
loading point, at the beginning of the bonded length with 
shifting towards the anchor toe when the applied load has 
increased according to the adopted model of debonding 
between the strand and the grout, see (14)-(16). In the case of a 
compression anchor, all the developed strains along the anchor 
body are compression strains. The maximum value of strains is 
located at the anchor toe, i.e. the loading point, and it decreases 
until it vanishes at the anchor tip. The tension cracking strain of 
the grout, which is equal to 1×10

-4
, has been reached and 

exceeded since the 1
st
 loading (100kN) in the case of the 

tension anchor, while the developed strains did not reach the 
maximum compression strain of grout (0.003) [34] for the 
maximum applied load. 

A comparison of the mobilized skin friction between 
tension and compression types is shown in Figure (18). It could 
be noticed obviously that the compression anchor has a larger 
maximum mobilized skin friction value than the tension 
anchor. The distribution of skin friction along the anchor body 
is not similar for the two types of anchor under consideration, 
the location of maximum skin friction value is at the anchor toe 
in the case of compression anchor, while the location of the 
maximum point is shifted from the proximal end of the bonded 
length toward the anchor toe with increasing of loading in the 
case of the tension-type anchor. The total mobilized skin 
friction force of both types of anchors is approximately equal. 
The shifting process of skin friction peak point reflects the 
debonding process between the strand and the grout in bonded 
length.  

 

 
Fig. 16.  Strain in the grouted body for compression (dotted line) and 

tension (continuous line) anchors. 

 
Fig. 17.  Skin friction along anchor length, for compression-type (broken 

line), and tension-type (continuous line). 

IV. CONCLUSIONS 

A one-dimensional finite element model was developed and 
used to simulate both tension and compression types of grouted 
ground anchors. The tendon (steel) grout interface was 
modeled using the local bond-slip model, while the 
surrounding soil was modeled using a series of perfectly plastic 
springs. Verification of the adopted finite element model was 
made by comparing the results with a three-dimensional finite 
element model of grouted ground anchor, developed in 
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PLAXIS, and with the result of field tests of grouted ground 
anchors. The developed one-dimensional finite element model 
was used to make a comparison between compression and 
tension types of grouted ground anchors. From the verification 
and both comparisons, the following conclusions can be made: 

 Load-displacement curves show very good agreement 
between the developed model and the finite element three-
dimensional model, showing very good agreement with the 
filed test result. The comparison between the calculated and 
measured strains in the field test results shows some 
differences along the unbonded length part, but with good 
agreement in the bonded length part.  

 The displacement of anchor head is smaller in the case of 
compression anchor, which makes it bear high design load. 

 The developed strain in the grouted body of the 
compression anchor is much smaller than the tension-type, 
which means less cracking in the grouted body providing 
additional corrosion protection. 
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