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ABSTRACT: Ground anchors have been widely used in construction sites to stabilize and support geotechnical structures, such as 
retaining walls and slope stability systems. The ground anchors restrain their movement by transferring the prestressing load of 
tendons to the grout and surrounding ground. Depending on the long-term behavior of the tendon, grout, and ground, the prestressing 
load is gradually reduced as it transmits through the tendon-grout and grout-ground interfaces. Thus, to ensure the stability of 
structures, it is essential to determine an initial applied prestressing load, considering the decrease in prestressing load during service 
life. However, there are currently no explicit design criteria for prestressing load, and an excessive prestressing load reduction of 
installed anchors has been reported in various field surveys. This preliminary study experimentally investigates the bonding behavior 
between grout and strand to analyze the long-term behavior of a ground anchor. Pull-out and long-term monitoring tests were 
conducted to investigate the strand-grout interface behavior. Measured test results over 150 days showed a reduction in the 
prestressing load by the slip displacement of the strand from the grout, which converged after a certain period. 

RÉSUMÉ : Les ancrages au sol ont été largement utilisés sur les chantiers de construction pour stabiliser et soutenir les structures 
géotechniques, telles que les murs de soutènement et les systèmes de stabilité des pentes. Les ancrages au sol restreignent leur mouvement 
en transférant la charge de précontrainte des câbles au coulis et au sol environnant. En fonction du comportement à long terme du câble, 
du coulis et du sol, la charge de précontrainte est progressivement réduite au fur et à mesure qu'elle se transmet à travers les interfaces 
câble-coulis et coulis-sol. Ainsi, pour assurer la stabilité des structures, il est essentiel de déterminer une charge de précontrainte 
appliquée initiale, compte tenu de la diminution de la charge de précontrainte pendant la durée de vie. Cependant, il n'existe actuellement 
aucun critère de conception explicite pour réduire la charge de précontrainte, et une réduction excessive de la charge de précontrainte 
des ancrages installés a été signalée dans diverses études sur le terrain. Cette étude préliminaire étudie expérimentalement le 
comportement de liaison entre le coulis et le toron pour analyser le comportement à long terme d'un ancrage au sol. Des tests de suivi à 
l'extraction et à long terme ont été menés pour étudier le comportement de l'interface toron-coulis. Les résultats des tests mesurés sur 
150 jours ont montré une réduction de la charge de précontrainte par le déplacement par glissement du toron du coulis, qui a convergé 
après un certain temps. 
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1 
1 INTRODUCTION 

In construction sites, ground anchors have been widely used in 
various geotechnical structures, such as retaining walls, slope 
stability system, and dams. To provide lateral or uplift resistance 
to the structures where the external force acts on, the ground 
anchor connected to the structure is prestressed. The ground 
anchor consists of three parts: (1) anchor head, (2) free length, 
and (3) bond length, as shown in Fig. 1. The anchor head, 
consisting of a stressing head, wedges, and a bearing plate, is 
connected to the supporting structure by the tendon. When 
prestressing load is applied on the tendon, prestressed tendon is 
fixed to the structure using a wedge and a stressing head to 
maintain the prestressing load which resist to the external force 
on the structure. 

In ground anchors, the prestressing load applied to the tendon 
is transmitted to the grout and ground through free and bond 
length. In the free length, as the tendons are covered by a sheath, 
the prestressing load of the tendon is entirely transmitted to the 
bond length. In contrast, the tendons are attached to the grout in 
the bond length. Therefore, the prestressing load transferred to 
the grout and ground in bond length, generating a shear stress on 
the tendon-grout and grout-ground interfaces.  
 
 

 
Figure 1. Typical ground anchor in soil 

Owing to the load transfer mechanism of the ground anchor, 
the tendon’s prestressing load is inevitably reduced during its 
usage. Depending on the duration, this load reduction phase can 
be divided into two types: short-term load loss and long-term 
load loss. A typical load-time relationship of a ground anchor is 
shown in Fig. 2 (Japanese Geotechnical Society 1999). After 
applying the initial load (Tinitial) on the tendon, a short-term 
load loss occurs during the lock-off process. The lock-off process 
applies a prestressing load on the tendon and fixes the prestressed 
tendon to the anchor head. During the lock-off process, a small 
amount of load loss occurs instantaneously because of the 
displacement of the grip device. Therefore, the initial applied 
load decreases to the lock-off load (Tlock-off) because of the 
short-term load loss. Following the short-term load loss, the lock-
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off load is continuously reduced because of a long-term load loss. 
It is well known that the long-term load loss is caused by various 
factors: relaxation of the tendon, creep of the soil and grout, long-
term behavior of the tendon-grout and grout-ground interfaces, 
and settlement of the bearing plate. As the ground anchor should 
have a sufficient residual load on tendons (Tresidual) to maintain 
the prestressing function, the initial applied load must consider 
the short-term and long-term load losses. 

 

 

Figure 2. Load variation curve of typical ground anchor 

 
   Several researchers have conducted field tests and physical 
model tests to investigate the load reduction phenomenon in 
ground anchors. Little John (1979) performed long-term field 
monitoring tests for 196 weeks. The test results indicated that the 
prestressing load rapidly decreased in the early stage within 
3,000 h of installation. Subsequently, a slow and uniform 
decrease in the prestressing load was observed. Briaud et al. 
(1998) conducted long-term measurement tests for over-
consolidated stiff clay. The prestressing load of the anchor also 
decreased rapidly because of the creep behavior of clay for 
approximately 70 days. Based on the results, an adequate bond 
length for the tieback walls was proposed. Benmokrane et al. 
(1991) conducted experiments based on bond lengths to observe 
the short-term and long-term load losses. When monitoring the 
prestressing load for 62 months, two distinct load loss phases are 
observed from the test results, which are comparable to Little 
John’s study. In addition, Benmokrane et al. (1995) performed a 
full-scale model test to observe the load distribution and load 
reduction according to their long-term behavior. According to the 
experimental results, the distribution of tensile load was in the 
form of an exponential function, and the variation in load over 
time was evaluated. Following lock-off, the prestressing load 
decreased at the proximal end of the bond length. Several earlier 
studies have evaluated the long-term behavior of ground anchors 
and investigated the short-term and long-term load losses. 
However, as mentioned above, the load loss of the ground anchor 
is caused by several factors, and the load loss generated by each 
factor should be individually evaluated to estimate the initial 
load. Nonetheless, none of these studies clarify the effect of each 
factor on long-term load loss. 

Therefore, this study experimentally investigates the long-
term load loss generated by the tendon-grout interface behavior. 
The tendon-grout interface, similar to a field condition, was 
physically simulated. A pull-out load test and a long-term 
monitoring test was conducted to investigate the bond strength 
and prestressing load loss, respectively. 

2  EXPERIMENT METHOD   

For designing the long-term monitoring test, it is necessary to 
determine the free length and bond length to ensure a sufficient 
lock-off load. As mentioned above, during the lock-off process, 

the initial prestressing load is reduced by a short-term load loss 
because of the movement of the grip device (i.e., wedges in this 
test). The short-term load loss from the wedge movement can be 
calculated using Hooke's law in Eq. (1). 
 ∆𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙−𝑙𝑙𝑜𝑜𝑜𝑜 = 𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠×𝐸𝐸𝑠𝑠×𝐴𝐴𝑠𝑠𝜋𝜋𝑓𝑓                       (1) 

   where ∆𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙−𝑙𝑙𝑜𝑜𝑜𝑜  is the short-term load loss, 𝛿𝛿𝑠𝑠𝑠𝑠𝑠𝑠  is the 
draw-in displacement of wedges, 𝐸𝐸𝑠𝑠  is the elastic modulus of 
steel tendon, 𝐴𝐴𝑠𝑠 is the cross-sectional area of steel tendon, 𝐿𝐿𝑜𝑜 is 
the anchor free length. 

Thus, a short free length can generate an excessive short-term 
load loss, resulting in a small lock-off load. Furthermore, an 
appropriate bond length should be applied to the long-term 
monitoring test to prevent the tendon-grout interface failure until 
the initial prestressing load. Therefore, this study evaluated the 
bond strength between the tendon and grout using a pull-out load 
test. Based on the test results, the bond length for the long-term 
monitoring test was determined. Subsequently, an appropriate 
free length was designed to ensure a sufficient lock-off load for 
the long-term monitoring test.  

2.1 Pull-out test 

In this experiment, the bond strength between the strand and 
grout was evaluated by referring to the standard test method by 
ASTM A1081/A1081M (2015). The pull-out test adopted the 
following procedure: First, a circular steel mold with a diameter 
of 100 mm and a length of 680 mm was used to simulate the 
borehole size in the field. The thickness of the steel mold was 5.6 
mm to prevent any structural deformation during load 
application. A strand was placed at the center of the prepared 
mold, and grout mixed with a water-cement ratio of 0.45 was 
poured. Simultaneously, 50 mm × 50 mm × 50 mm cubic grout 
specimens were prepared to evaluate the grout’s uniaxial 
compressive strength. A pull-out procedure was performed when 
the compressive strength of the grout specimen was greater than 
18 MPa.  
 

Figure 3. Cross-section diagram of pull-out test 

 
   The test apparatus is shown in Fig. 3. For the pull-out test, a 
tensile load was applied to the strand using a hydraulic cylinder 
equipped with wedges and a barrel. Prior to increasing the tensile 
load, an alignment load of 4.9 kN was applied to set the test 
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apparatus in a straight line. Subsequently, the tensile load of the 
strand gradually increased with a load step of 9.8 kN, which is 
5% of the strand’s ultimate tensile strength. At each loading step, 
the load was maintained for 5 min. The tensile load was 
measured by a load cell located between the hydraulic jack and  
the bearing plate. The slip displacement was measured using the 
LVDT installed at the loaded and distal ends of the strand. 

2.2 Long-term monitoring test 

A long-term monitoring test simulating the bond and free length 
in the ground anchor was performed to evaluate the load 
reduction at the grout-strand interface. For the bond length, the 
steel strand and grout were set in the same procedure as the pull-
out test. Based on the bond strength evaluated by the pull-out test, 
the bond length was designed to be 1.5 m to prevent the pull-out 
failure between the grout and strand for the initial prestressing 
load of 100 kN. For the free length, an additional hollow steel 
mold was installed at the top of the bottom mold, as shown in 
Fig. 4. A free length of 3.5 m was designed after considering the 
load loss generated during wedge draw-in. Unlike the pull-out 
test, the prestressed strand must be locked off in the long-term 
monitoring test. Therefore, in this study, the wedge and barrel 
were positioned between the hydraulic jack and the load cell to 
measure the strand’s prestressing load. 
 

 
Figure 4. Cross-section diagram of long-term monitoring test 

When the compressive strength of the grout specimen was 
greater than 18 MPa, the experimental apparatus was set up, and  
a tensile load was applied to the strand up to the pre-determined 
initial stressing load. When the tensile load reached the initial 
stressing load, the prestressed strand was locked off on the 
anchor head by removing the hydraulic jack. The grip device 
used in this study is shown in Fig. 5. When the prestressing load 
was applied to the strand, the movement of the wedge was 
restricted by the jack chair (Fig. 5 -②). In the lock-off process, 
the wedge draws into the barrel, inducing an elastic deformation 
of the strand (Fig. 5 -③). Therefore, similar to the short-term 
load loss determined by the displacement of the strand generated 
in the lock-off process, the draw-in displacement of the wedges 
was measured to evaluate the short-term load loss. 

 

 
Figure 5. Mechanism of lock-off with wedges & barrel 

Unlike the pull-out test, the LVDT was directly installed at 
the top of the bond length to measure the slip displacement of the 
strand. During the stressing and locking-off processes for all 
experiments, the LVDT and load cell were measured every 2 
second, and measurements were carried out for 150 days for the 
long-term monitoring test. 

2.3 Experimental equipment 

A seven-wire steel strand, which has been widely used as a 
ground anchor, was utilized in this study as the tendon. The 
general properties of the strand are a diameter of 12.7 mm, an 
elasticity modulus of 200,000 MPa, an ultimate load of 183 kN, 
and a yield load of 156 kN (British Standards Institution 1989).  
 

 
Figure 6. (a) Assembly view of anchor head (b) wedges, barrel and strand 

   The anchor head was composed of a mono-strand barrel and 
three-piece wedges for a 12.7 mm strand (see Fig. 6). Ordinary 
Portland cement was used for the grout with a water-cement ratio 
of 0.45. 

3  TEST RESULTS 

3.1 Pull-out test 

To evaluate the bond strength at the grout-strand interface, the 
load-slip displacement relationship was evaluated. As shown in 
Fig. 7, the slip displacement of the strand was estimated at two 
points: (1) top of bond length and (2) bottom of bond length. To 
calculate the slip displacement at the top of the bond length, the 
elastic deformation generated on the strand was calculated using 
the elastic modulus and was excluded from the measured 
displacement of the loaded end. For the slip displacement at the  
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bottom, the measured distal end displacement was directly used 
because there was no elastic deformation on the strand. 
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 Figure 7. Tensile load-slip displacement behavior of grout-strand 
interface 

Regardless of the measured points, the load-slip displacement 
exhibited a hardening behavior. Initially, the displacement 
gradually increased with an increasing load. When the tensile 
load reached a peak value of 81.7 kN, the slip displacement 
dramatically increased to 15.7 mm and 19.2 mm for the top and 
bottom, respectively (2.31% and 2.82 % of bond length, 
respectively), and the load was no longer increased or 
maintained. 

The slip displacement at the bottom occurred during the initial 
loading stage. This is because the anchor bond length was short 
in this experiment, inducing a bond stress between the strand and 
grout on the entire bonded length. After an applied load of 81.7 
kN, the difference between top and bottom displacement was 
very small, implying the bond stress was uniformly distributed 
along the bond length at the pull-out load. 

Thus, the bond strength between the grout and strand can be 
evaluated using Eq. (2). By applying the ultimate load and 
dimension of the steel strand, the bond strength, 𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎  was 
calculated to be 3.01 MPa. 

 𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑃𝑃𝜋𝜋𝜋𝜋𝜋𝜋 (2) 

 
Where 𝑃𝑃 is the applied ultimate load on steel strand, 𝐿𝐿 is the 
anchor bond length, 𝐷𝐷 is the diameter of steel strand.  

Using the bond strength, the maximum pull-out load for the 
long-term monitoring test was estimated to be 180 kN. 
Consequently, the strand was confirmed to lock off without any 
failure along the bond length when the pre-determined initial 
stressing load (100 kN) was applied in the long-term monitoring 
test. 

3.2 Long-term monitoring test 

3.2.1   Evaluation of short-term behavior 
For the long-term monitoring test, the short-term and long-term 
load losses were evaluated separately. Fig. 8 shows the early 
stage of the long-term monitoring test. After the alignment load 
was applied, the tensile load increased linearly up to Tinitial (100 
kN). As the prestressed strand was locked off, the load 
instantaneously decreased to Tlock-off (77.60 kN). This is 
because the strand’s elastic retraction during the lock-off process. 

The strand’s elastic retraction to generate the short-term load 
loss can be developed by moving the wedge and slip between the 
wedge and steel strand. To estimate the load loss from the wedge 
movement, the protruding height of the wedge after lock-off was 
estimated to be 2.8 mm. Considering a depth of 7.5 mm in the 
jack chair, and restricting the upward movement of the wedges, 

the draw-in displacement of the wedges was estimated to be 4.7 
mm. Further, the load loss from the wedge draw-in was 
calculated using Eq. (1). The calculated load loss from the 
movement of the wedge (26.51 kN) was similar to the measured 
load loss (Tinitial – Tlock-off = 25.38 kN). From these results, we can 
conclude that the short-term load loss is generated by moving the 
wedge without any slip. 
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Figure 8. Tensile load variation during lock-off process 

3.2.2   Evaluation of long-term behavior 
The load-time relationship following the lock-off process is 
shown in Fig. 9. In the early phase, the prestressing load on the 
strands rapidly decreased, and the rate of load reduction 
gradually decreased. After approximately 75 days, the 
prestressing load tended to converge to a constant value (74 kN).  
The total load loss measured over 150 days was 3.82 kN 
(=4.92%). In the case of the anchors installed on the ground, 
besides the load loss due to the long-term behavior of the grout-
strand, various additional factors such as grout-soil interface, 
creep of grout and soil, and settlement of the bearing plates occur. 
Therefore, the load loss due to the long-term behavior of the 
ground anchor is expected to cause a larger load loss than the 
load loss due to the grout-strand behavior measured in this study. 
Therefore, the load reduction effect of the grout-strand interface 
and other factors must be considered when designing a ground 
anchor. 
 

0 25 50 75 100 125 150
73

74

75

76

77

78

T
en

si
le

 l
o
a
d

 (
k

N
)

Time (day)

 Tensile load

 Slip displacement

0.0

0.2

0.4

0.6

0.8

S
li

p
 d

is
p

la
ce

m
en

t 
(m

m
)

 
Figure 9. Lock-off load change over time 

 
   Fig. 9 also shows the displacement of the strand measured by 
the LVDT installed at the surface of the anchor grout. Despite 
the fact that the residual prestressing load gradually decreased 
with time, the displacement of the strand in the long-term 
monitoring test gradually increased. Similar to the time-load 
relationship, the displacement converged to about 0.6 mm after 
approximately 75 days. Therefore, we can say that the 
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prestressing load on the strand decreased with the continuous slip 
displacement at the strand-grout interface.  
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Figure 10. Comparison of measured load and converted tensile load 

To verify the load reduction behavior generated by the slip, 
the strand’s displacement was converted into a load loss using 
Hooke's law (Eq. (1)) and tensile load was computed, which was 
then compared with the measured prestressing load. According 
to the results of previous studies, when the tensile force applied 
to the strand is less than 55% of the yield strength, the load 
reduction by the relaxation is negligible (Magura et al. 1964, 
Antill 1965, Mihajlov 1968). Thus, the load due to the strand 
relaxation was not considered in the residual prestressing load. 
In Fig. 10, the result of the converted prestressing load is 
commensurate with the measured data. Therefore, we can 
conclude that the slip displacement at the strand-grout interface 
was generated after lock-off, resulting in the prestressing load 
loss. 

4  CONCLUSIONS 

This study conducted ground anchor model tests to 
investigate the load loss generated at a strand-grout interface. 
The strand-grout interface, similar to a field condition, was 
physically simulated. A pull-out load test and a long-term 
monitoring test was then performed. 

From the pull-out test, we observed that the load-
displacement relationship of the strand-grout interface exhibited 
a hardening behavior. The ultimate bond strength between the 
grout with a uniaxial compressive strength of 18 MPa and a 
seven-wire strand was evaluated to be 3.01 MPa. Based on the 
pull-out test results, the free length and bond length of the long-
term monitoring experiment were designed to be 3.5 m and 1.5 
m, respectively. 

From the long-term measurement test, the characteristics of 
the short-term load loss caused by the lock-off procedure and the 
long-term load loss at the strand-grout interface were analyzed. 
The short-term load loss of the anchor was generated by the 
draw-in displacement of the wedges due to the elastic behavior 
of the strands, and no additional loss due to the slip between the 
wedge and strand occurred. After the anchor was locked off, the 
prestressing load rapidly decreased in the initial stage, but the 
amount of load loss gradually converged. The slip displacement 
generated after lock-off induced the load loss at the strand-grout 
interface over time. 
   Based on these test results, we can say that the initial applied 
prestressing load of the anchor should consider the strand-grout 
interface behavior. However, the strand-grout interface behavior 
is affected by various factors, such as the strength of the grout, 
bond length, and lock-off load. Therefore, further studies should 
consider these factors while performing a series of model tests to 
investigate the long-term strand-grout interface behavior. 
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