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A B S T R A C T   

The load transfer behavior of grouted anchors is time-dependent under long-term (creep) load. This study aims at 
investigating the time-dependent behavior of grouted anchors in laterite by both physical model test and 
theoretical simulation. A laboratory creep pullout model test of full-length-bond grouted anchor in laterite was 
carried out using a special developed apparatus. The creep pullout load–displacement response at anchor head 
and time history curves of axial strain were tested and presented. The creep behavior on the grout - soil interface 
was simulated using Merchant rheological model in theoretical simulation. By comparing the experimental data 
with predictions, the applicability of the proposed theoretical method was validated, and the time-dependent 
load transfer behavior of grouted anchors was discussed. The impacts of five model parameters on the time- 
dependent pullout response were further analyzed by parametric studies. It revealed that the tensile force dis
tribution tends to be linear, and the shear stress distribution towards uniformity as time elapsed. Additionally, 
the time-dependent load transfer behavior for grouted anchors is influenced by the above parameters in various 
levels. This work provides insights into understandings of time-dependent behavior, and facilitates the service 
life design practice for grouted anchors embedded in laterite.   

1. Introduction 

Laterite refers to a type of maroon clay formed by the weathering (or 
laterization) of carbonate rocks or rocks rich in iron and aluminum 
oxides in hot and humid climates (Tan and Kong, 2006; Lin, 1989), 
which exists widely in humid areas with abundant rainfall in Southern 
China (Huang and Fu, 1998; Cheng et al., 2004). In recent decades, a 
large number of laterite slopes supported by grouted anchors have been 
formed in Southern China owing to the plentiful construction of basic 
infrastructural facilities, such as tunnels, railways, etc. (Zhang et al., 
2015, 2018; Chen et al., 2014; Luo et al., 2003; Ehrlich and Silva, 2015). 
Laterite has the characteristics of easy softening in water, strong plas
ticity and easy creep because of a high content of hydrophilic minerals 
(Zhang et al., 2015; Chen et al., 2014, 2019; Zhu et al., 2019). Conse
quently, the time-dependent mechanical behaviors (creep and stress 
relaxation) of grouted anchors become the key factor in determining the 
long-term stability of anchored laterite slopes. 

The mechanical properties of grouted anchors are decisively 
dependent on the grout - soil interface shear behavior. Previous studies 

on interface shear behavior (Hong et al., 2017; Borana et al., 2017; Kim 
et al., 2013; Zhu et al., 2011; Chu and Yin, 2005; Su et al., 2010; Chen 
et al., 2015; Gurpersaud et al., 2013; Ye et al., 2017) or load transfer 
behavior of grouted anchors (Farmer, 1975; Hong et al., 2017; Huang 
et al., 2012; Ren et al., 2010; Martín et al., 2011; Ma et al., 2016; Chen 
et al., 2019) mainly focused on the working condition with short-term 
load. However, when adopting grouted anchors as long-term support
ing structures in geotechnical engineering, much attention shall be paid 
on the time-dependent behavior (including creep (Chen et al., 2016; 
Zhang et al., 2015) or stress relaxation (Shi et al., 2019; Chen et al., 
2018)). Otherwise, rheological damage could occur during the service 
period (Yang et al., 2014). 

The creep phenomena of grouted anchors comes down to tensile 
creep of the anchor bar, shear creep of the surrounding soil and shear 
creep on the grout - soil interface. Among them, the interface shear creep 
behavior between grout and soil is the most intricate point that directly 
determines the long-term bearing capacity of grouted anchors (Chen 
et al., 2016). Some researchers have studied the influence of various 
factors (such as physical properties of soil (Zhang et al., 2020); grouting 
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pressure (Chen et al., 2019) and in-service environment (EI Menoufy 
and Soudki, 2014)on the interface shear creep behavior between grout 
and soil through long-term (creep) pullout tests for element specimens of 
grouted anchors. Furthermore, for characterizing the interface creep 
behavior of the grouted anchors, several rheological models (such as 
empirical rheological model with hyperbolic form (Chen et al., 2016), 
hybrid rheological model (Zhang et al., 2020); kriging method-based 
creep model (Chen et al., 2019) and damage creep model (Xu et al., 
2002); modified Burgers model (Kränkel et al., 2015)were typically 
established based on corresponding testing results. 

In general, the stress distributions of grouted anchors are nonlinear 
(Farmer, 1975). The existing theoretical studies on time-dependent load 
transfer behavior of grouted anchors generally assumed that the 
geotechnical materials or structural materials are rheological, such as 
tensioned bars (Zhang et al., 2015); grouting material (Yang et al., 2014) 
and soil (Wu, 2009). Based on these assumptions, time-dependent dis
tributions of both tensile force and shear stress could be deduced via 
load transfer method. However, for grouted anchors embedded in 
laterite, the creep destruction was mostly occurred in the interface re
gion, and creep deformation of the anchor is relatively small and 
controllable compared with the interface shear creep displacement be
tween grout and soil. Therefore, it would be more appropriate to 
consider the interface shear creep behavior between grout and soil in the 
simulation, whereas relevant studies are not yet reported. 

In order to study the time-dependent load transfer behavior of 
grouted anchors in laterite, a special creep pullout test apparatus was 
developed in present work. A creep pullout model test of full-length- 
bond grouted anchors was carried out using this apparatus. The creep 
pullout load–displacement response at anchor head and time history 
curves of axial strain were obtained. Red clay (one type of laterite) 
collected from Hengyang red beds basin, Hunan Province, China, was 
used in this study, whose chemical composition, mineral composition 
and basic mechanical properties were tested. The Merchant rheological 
model was utilized as constitutive model for simulating the creep 
interaction between grout and soil. By comparing the experimental data 
with the predictions, the proposed theoretical analysis method turned to 
be effective and practical. Additionally, the effects of bond length, axial 
stiffness and three rheological model parameters on the time-dependent 
mechanical behavior of grouted anchors were further studied 
parametrically. 

2. Long-term (creep) pullout model test of grouted anchors in 
laterite 

2.1. Material properties 

The soil used in this test was taken from a weathered eluvium located 
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Fig. 1. The soil collection site: (a) location illustration; (b) a view of the stratum in study site.  
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Fig. 2. Particle-size distribution curve of the collected laterite.  

Table 1 
Material properties of the collected laterite, reinforcement bar and cement 
grouted material.  

Soil sample Units Values 

Natural water content (w) % 30.6 
Natural density (ρ) Mg/m3 16.4 
Natural dry density (ρd) g/cm3 1.20 
Natural void ratio (e)  1.21 
Specific gravity (Gs)  2.693 
Liquid limit (wl) % 57.3 
Plasticity limit (wp) % 33.9 
Plasticity index (Ip) % 23.4 
Maximum dry density (ρdmax) g/cm3 1.53 
Optimum water content (wopt) % 25.1 
Cohesion (c) kPa 49.1 
Internal friction angle (ϕ) ◦ 16.7 
Modulus of compression (Es) MPa 2.77  

Reinforcement bar 

Type  Hot-rolled ribbed bar 
Nominal diameter (dn) mm 18 
Elasticity modulus (E) GPa 210  

Grout 

Cement type  P.O 42.5 
Water cement ratio (α)  1:0.45 
Compressive strength (qu) MPa 30.5 
Elasticity modulus (Ec) GPa 13.5  
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in the Hengyang red beds basin of Hunan province, China (Fig. 1), which 
appears to be maroon. Chemical composition of the collected soil was 
obtained by X-Ray Fluorescence Spectrometer (XRF), which was: silica 
(SiO2) (46.5%), alumina (Al2O3) (25.5%), ferric oxide (Fe2O3) (13.3%), 
potassium oxide (K2O) (2.3%), titanium dioxide (TiO2) (1.4%), mag
nesium oxide (MgO) (0.6%) and ignition loss (10.4%). Mineral compo
sition of the collected soil was obtained by X-Ray Diffraction (XRD), 
which was: quartz (39.5%), kaolinite (28.8%), hematite (17.4%), mica 
(8.4%), anatase (3.2%) and rutile (2.8%). This soil samples can be 
identified as laterite from the chemical composition and mineral 
composition in soil classification (Tan and Kong, 2006; Lin, 1989). The 
particle-size distribution and basic properties of the soil were tested and 
specifically presented in Fig. 2 and Table 1. The natural void ratio e of 
the soil is 1.21 (greater than 1.0), and the plasticity index Ip is 23.4 
(greater than 20). Therefore, the soil can be further determined to be red 
clay (one type of laterite) from natural void ratio e and plasticity index Ip 
(Tan and Kong, 2006; Lin, 1989). According to the one-dimensional 
consolidation test results of undisturbed soil samples, the studied soil 
is highly compressible with a compression modulus Es of 2.77 MPa. 

Generally, physical model tests need large quantity of soil, which 
brings great challenges to the exploration, collection and transportation 
of uniform undisturbed soil. In addition, soils would be inevitably 
disturbed and its structure would also be damaged during the con
struction process, including creating hole and grouting. Hence, the 
laterite samples prepared at remolded state with moisture content of 
30% was used throughout the testing program. Specifically, the 
collected laterite was cleaned from foreign materials, and only particles 
passing through the 5-mm sieve were preserved. It is worth noted that 
testing results and conclusions based on remolded soil in this work can 
be adequately referred for cases with undisturbed soil in practice, in 
particular due to the low structure-sensibility of laterite. 

The reinforcement bar was hot-rolled ribbed bar with nominal 
diameter of 18 mm, and a circular steel hook was welded at the end of 
the bar for facilitating loading. The grouted material was cement paste 
with water cement ratio α of 0.45. It should be noted that poly- 
carboxylic super-plasticizer (0.25%) was also added to the grouted 
material to increase its liquidity and make it easy for grouting. Proper
ties of the reinforcement bar and grouted material are also given in 
Table 1. 

2.2. Test setup 

Creep pullout test setup is composed of pulley system and data 
acquisition system, as shown in Fig. 3. The pulley system was designed 
from inspiration of assembly pulley, mainly consisting of a loading 
frame, a series of pulleys and steel wire. Two groups of static pulleys and 
movable pulleys were assembled on both sides of the model specimen 
symmetrically, which can amplify the applied long-term (creep) load 
provided by weights up to 10 times. The data acquisition system 
included two displacement gauges, a DH3816 strain measuring device 
and a load cell. The two displacement gauges were symmetrically placed 
on both sides of the exposed section of reinforcement bar to monitor the 
creep pullout displacement of the anchor head. There were eight pairs of 
strain gauges attached on the bonding section of reinforcement bar with 
the interval of 0.2 m to monitor the distribution of axial strain. 

Before conducting the physical model tests, a cylindrical soil column 
with a length of 1500 mm, an outer diameter of 530 mm and an anchor 
hole diameter of 60 mm was prepared in an acrylic tube in advance. The 
acrylic tube was cut into five short sections and can be connected tightly 
with nuts as a whole. Generally, the influence zone of lateral friction 
resistance of a pile is between 5 and 10 times of pile diameter (Cooke 
et al., 1979), and grouted anchors are similar to piles in shapes and 
mechanisms. In this physical model test, the ratio of the outer diameter 
of specimen (530 mm) to the diameter of anchor hole (60 mm) was 8.8. 
Hence, the impact of boundary effect could be almost eliminated, and 
the boundary conditions in physical model and the following numerical 
model are basically consistent. Besides, a reaction beam was installed on 
the top of the model specimen to avoid unnecessary swing and facilitate 
loading. 

2.3. Testing procedures 

The existing testing method of long-term (creep) pullout test for 
element grouted anchors (Chen et al., 2016, 2019; Zhang et al., 2020) 
was imitated and improved in this work. The main steps of testing 
procedures include plastering strain gauges; specimen molds assembly, 
soil compaction in layers, anchor hole creating, grouting, and long-term 
(creep) load application, which are presented in detail as follows.  

(a) Plastering strain gauges 

Eight sets of strain gauges were plastered on the strain monitoring 

Fig. 3. Views of creep pullout test setup: (a) schematic illustration; (b) photograph.  
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points of the reinforcement bar with quick-drying gelatin (Fig. 4(a)). 
After the quick-drying gelatin had been completely hardened, encap
sulating these strain gauges with silica gel.  

(b) Specimen molds assembly 

A steel tube covered with plastic film that used to create the anchor 
hole was pre-embedded in the assembled molds. It should be noted that 
carbon powder was applied to the interface between the steel tube and 
plastic film for lubricating. The first acrylic tube and the steel tube 
covered with plastic film were screwed up on the chassis of the loading 
frame in the following.  

(c) Soil compaction in layers 

The remolded laterite with 30% water content was filled into the first 
acrylic tube, and was compacted in layers (Fig. 4(b)). The dry density of 
the laterite is 1.20 g/cm3 and the compaction thickness of each layer was 
controlled at 4 cm. After filling soil with the first acrylic tube, the second 
acrylic tube was installed on the top of the first acrylic tube with screws. 
The remolded laterite was filled and compacted sequentially. Repeating 
this process until the five acrylic tubes were all be filled. It should be 
noted that dry density and water content of the compacted remolded soil 
were almost the same as the site undisturbed soil.  

(d) Anchor hole creating 

After soil compaction, the steel tube covered with plastic film would 
remain in the center of the compacted soil. Using both jack and plumb 

Fig. 4. Procedures of preparing pullout model specimen: (a) the reinforcement bar plastered with strain gauges; (b) soil compaction in layer; (c) adjusting the 
verticality of the steel tube; (d) pulling out the steel tube from soil specimen; (e) plastic film separating; (f) shape of the created anchor hole; (g) reinforcement bar 
centering; (h) grouting; (i) bottom of the specimen after grouting. 
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bob to check and adjust the verticality of the steel tube (Fig. 4(c)), the 
anchor can be secured to be vertically positioned in the following test by 
aligning the gravitational verticality with the inner wall of the steel tube. 
Then, pulling out the steel tube from the soil specimen slowly (Fig. 4(d)), 
and rotating the plastic film towards the center carefully until it was 
completely separated from the soil (Fig. 4(e)). A uniform cylindrical hole 
that simulates the anchor hole was formed at the center of the soil 
specimen in this way (Fig. 4(f)). It should be mentioned that test result 
deviation caused by this precast anchor hole and drilling hole commonly 
used in practice was minor due to the consistent development of shear 
band over soil-anchor interface. In addition, the use of precast hole can 
ensure the verticality of hole and soil uniformity, and mitigate the test 
error caused by operation more effectively. Hence, this construction 
method has been adopted in this test and some of other pullout tests for 
anchors/soil nails, such as Chu and Yin (2005) and Hong et al. (2017).  

(e) Grouting 

A specially designed steel plug equipped with a seal ring was 
installed into the bottom of anchor hole for preventing the leakage of 
cement paste during grouting. The reinforcement bar plastered with 
strain gauges was placed on the center of the anchor hole, where cement 
paste powered by an air compressor was injected in (Fig. 4(g), (h), and 
(i)). It should be noted that no grouting pressure was applied in this 
process. 

After curing for 28 days in sealed condition, the pulley system and 

data acquisition system were assembled on the model specimen and 
loading frame, as shown in Fig. 3. A multi-stage loading method was 
adopted in accordance with Tan’s method (Tan and Kang, 1980). Creep 
curves of n loading steps were obtained from only one specimen in this 
loading method, which is equivalent to n one-step loadings of various 
load levels on n different specimens. Long-term (Creep) loads for this 
testing anchor were selected mainly according to the short-term 
(instantaneous) ultimate pullout capacity at the same conditions. Spe
cifically, interface shear strength was measured to be 32.4 kPa from 
short-term (rapid) pullout tests for element-grouted anchor specimen, 
and the short-term ultimate pullout capacity was calculated to be 9.16 
kN. Long-term loads were specified as eight levels, which are 1.75 kN, 
3.15 kN, 4.15 kN, 5.15 kN, 6.15 kN, 7.15 kN, 8.15 kN, and 9.15 kN in 
sequence. However, the grouted anchor was completely pulled out 
under the load of 6.15 kN owing to the creep effect, which meant the 
model test was finished. It is of great significance to select an appro
priate creep time scale or stability criterion in creep tests. In this paper, 
the next level of long-term load would be added when the displacement 
rate of anchor head dropped below 0.01 mm over 24 h at a given loading 
level, which in reference to the criterion proposed by Sun (1999). In 
addition, considering the long-term performance of the instruments, 
loading time of each level was all set as 72 h in this creep physical model 
test. 
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2.4. Test results 

Fig. 5 shows the time history curve of pullout displacement of anchor 
head under multi-stage pullout loads. The time history curve under 
multi-stage loads was transformed into a cluster of creep curves corre
sponding to all loading levels based on a nonlinear superposition 
method (Tan and Kang, 1980), as shown in Fig. 8. When the pullout load 
is lower than 5.15 kN, the pullout displacement develops with varying 
creep rate. The creep rate varies in two stages: the attenuated creep stage 
with decreasing creep rate and the steady creep stage with constant 
creep rate. The majority of the creep displacement occurs in the atten
uated creep stage. Specifically, the durations of attenuated creep stage 
measured in the presented test are 0.1 h, 0.2 h, 0.4 h and 1.5 h for creep 
curves under the load of 1.75 kN, 3.15 kN, 4.15 kN and 5.15 kN, 
respectively. Because the duration of attenuated creep stage is much less 
than that of the steady creep stage, it is difficult to distinguish the creep 
behavior with the instant behavior in the full-range view of time history 
of creep displacement (i.e. creep curve). It is noteworthy that the tested 
anchor was pulled out with the occurrence of the accelerated creep stage 
(i.e. increasing creep rate) when the applied load reached 6.15 kN in the 
test. Continuous shear failure occurred along the grout - soil interface, 
which indicated the pullout displacements were almost interface shear 
displacements between grout and soil. Additionally, the grout surface 
was covered with a thin layer of surrounding laterite with an approxi
mate thichness of 5 mm, which indicates the shear band would be 
developed continuously during the process of creep pullout. 

Fig. 6 illustrates time history curves of axial strain of the grouted 
anchor at eight monitoring points. Similar to the time history curves of 
pullout displacement, the axial strains of all monitoring points increased 
rapidly and tended to be stable at last when the pullout loads is lower 
than 5.15 kN. It is worth noted that the monitored axial strains fluctu
ated within a narrow range owing to the strain measuring instrumental 
errors and environmental noise. When the pullout load reached 6.15 kN, 
the axial strains increased firstly and decreased to zero sharply after a 

short period of stabilization for about 2 h because of the completion of 
the test. 

3. Time-dependent load transfer modelling of grouted anchors 

The creep problem could occur in both the anchor and the grout–soil 
interface under long-term load. For grouted anchors in laterite, it was 
observed in the above physical model test results that the interface shear 
creep displacement is dominant compared with the tensile creep 
deformation of the anchor. For instance, under the load of 5.15 kN, the 
grout–soil interface displacement reached 3.74 mm, while the tensile 
deformation of the anchor was only about 0.03 mm. The reason for this 
phenomenon is that the axial stiffness of the anchor is much greater 
compared with the interface shear stiffness between the grout and soil. 
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Consequently, the Merchant rheological model was adopted as load 
transfer model to simulate the anchor creep behavior tested in this work. 
Additionally, the tensile deformation of the anchor is assumed to be 
instantaneous and elastic for its little value, which could facilitate the 
theoretical analysis. The time-dependent load transfer behavior of 
grouted anchors in laterite under low pullout load was analyzed in detail 
as follows. 

3.1. Governing equation 

The analytical schematic of time-dependent load transfer behavior 
for grouted anchors in laterite is shown in Fig. 7, from where geometric 
equation, physical equation, and force equilibrium equation can be 
reasoned. 

The axial strain of the grouted anchors ε(x,t) can be expressed by Eq. 
(1), which is the geometric equation: 

ε(x, t) = −
∂s(x, t)

∂x
(1)  

where s(x,t) is the axial displacement of the anchor; x is the distance 
from the anchor head; t is time. 

The axial strain of the grouted anchors ε(x,t) can also be expressed by 
Eq. (2), which is the physical equation. It should be noted that the tensile 
deformation of the anchor is assumed to be instantaneous and elastic in 
this work. 

ε(x, t) = P(x, t)
EA

(2)  

where P(x,t) is the tensile force of the anchor; E and A represent Young’s 
modulus and the cross-sectional area of the anchor respectively. 

It should be noted that E is a composite modulus of the reinforcement 
bar and grout material for grouted anchors, and can be calculated by Eq. 
(3). 

E =
EbAb + EgAg

Ab + Ag
(3)  

where Eb and Eg represent the elasticity modulus of the reinforcement 
bar and grout respectively; Ab and Ag represent the cross-sectional area 
of the reinforcement bar and grout respectively. 

For a separate segment of anchor with the length of dx, The force 
equilibrium equation can be expressed by: 

dP(x, t) + upτ(x, t)dx = 0 (4)  

where τ(x,t) is the interface shear stress between grout and soil; μp is the 
perimeter of the anchor. 

Eq. (4) can be converted into the following form: 

∂P(x, t)
∂x

= − upτ(x, t) (5) 

Merchant rheological model is a three-component viscoelastic 
model, which is composed of a spring element and Kelvin model in se
ries, as shown in Fig. 7(b). This model is widely used to characterize 
both creep and stress relaxation behavior (Zhang et al., 2015) of geo
materials, in particular due to its concise formulation and engineer- 
friendly solving process. Hence, Merchant rheological model was used 
to simulate the interface shear creep behavior between grout and soil. 
The constitutive equation of Merchant rheological model is: 

G1s(x, t)+ η ∂s(x, t)
∂t

=

(
G0 + G1

G0

)

τ(x, t)+ η
G0

∂τ(x, t)
∂t

(6)  

where G0 and G1 are interface shear modulus between grout and soil; η is 
interface shear viscosity coefficient between grout and soil. 

Combining Eqs. (1), (2), (5), with (6), the governing equation of 
time-dependent load transfer behavior for grouted anchors can be 

deduced: 

∂
∂t

(
∂2s
∂x2 −

μpG0

EA
s
)

+

(
G0 + G1

η

)
∂2s
∂x2 −

μpG0G1

EAη s = 0 (7) 

Eq. (7) is a third-order partial differential equation, which is difficult 
to obtain its analytical solution. But the axial displacement s(x,t) can be 
solved using finite-difference method combined with the boundary 
value conditions. Furthermore, the tensile force P(x,t) and the shear 
stress τ(x,t) can be calculated by Eqs. (8) and (9), respectively. 

P(x, t) = − EA
∂s(x, t)

∂x
(8)  

τ(x, t) =
EA
μp

∂2s(x, t)
∂x2 (9)  

3.2. Boundary value conditions 

Boundary value conditions of the governing equation Eq. (7) are 
consisted of the boundary conditions and initial conditions. When a 
constant pullout load (assuming to be P0) is exerted on the anchor head, 
the tensile forces at the anchor head and anchor toe are P0 and 
0 respectively, which remains constant with the time. Therefore, the 
boundary conditions can be expressed by: 
{

P(x, t)|x = 0 = P0
P(x, t)|x=L = 0 (10) 

At the initial moment of loading, interface shear modulus between 
grout and soil is G0, and the load transfer model Eq. (6) can be rewritten 
as: 

τ(x, t0) = G0s(x, t0) (11)  

where t0 represents the initial moment of loading (t = 0). 
The governing equation Eq. (7) can then be expressed by: 

d2s(x, t0)

dx2 −
μpG0

EA
s(x, t0) = 0 (12) 

Eq. (12) is a second-order homogeneous differential equation with 
constant coefficients, and its analytical solution can be obtained: 

s(x, t0) = C1eβx +C2e− βx (13)  

where β =

̅̅̅̅̅̅̅̅
μpG0
EA

√

; C1 and C2 are all undetermined parameters. 
The corresponding interface shear stress and tensile force are then 

calculated by substituting Eq. (13) into Eqs. (11) and (8), respectively. 

τ(x, t0) = G0(C1eβx + C2e− βx) (14)  

P(x, t0) = βEA(C2e− βx − C1eβx) (15) 

C1 and C2 are calculated by substituting Eq. (10) into Eq. (15). Fur
therly, Eqs. (13), (14) and (15) can be rewritten as Eq. (16), which 
corresponds to the initial conditions of the load transfer analysis. It 
should be noted that Eqs. (10) and (16) are the boundary value condi
tions for solving the governing equation Eq. (7). 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

s(x, t0) =
P0

(e2βL − 1
)
βEA

(
eβx + e2βL− βx)

τ(x, t0) =
G0P0

(e2βL − 1
)
βEA

(
eβx + e2βL− βx)

P(x, t0) =
P0

(1 − e2βL)
(
eβx − e2βL− βx)

(16) 

Additionally, when time t tends to be infinite t∞, the ultimate 
displacement s∞ of the Merchant model can be expressed by Eq. (17). 
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s∞ = lim
t→∞

⎡

⎢
⎣

τ
G0

+
τ

G1

⎛

⎜
⎝1 − e−

G1
η1

t

⎞

⎟
⎠

⎤

⎥
⎦ =

τ
G0

+
τ

G1
(17) 

Ultimate interface shear modulus between the grout and soil G∞ is 
defined as: 

G∞ =
τ

s∞
=

G0G1

G0 + G1
(18) 

The final distribution of tensile force, shear stress and displacement 
of the anchor can be obtained by replacing G0 with G∞ in Eq. (16): 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

s(x, t∞) =
P0

(e2β∗L − 1
)
β∗EA

(
eβ∗x + e2β∗L− β∗x)

τ(x, t∞) =
G0G1P0

(G0 + G1)
(
e2β∗L − 1

)
β∗EA

(
eβ∗x + e2β∗L− β∗x)

P(x, t∞) =
P0

(1 − e2β∗L)
(
eβ∗x − e2β∗L− β∗x)

(19)  

where β∗ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
G0G1μp

(G0+G1)EA

√

. 

3.3. Numerical solution 

The governing equation Eq. (7) can be rewritten as: 

∂g(x, t)
∂t

+ b
∂2s
∂x2 − cs = 0 (20)  

where b = G0+G1
η , c =

μpG0G1
EAη , and 

g(x, t) =
∂2s
∂x2 − as (21)  

where a =
μpG0
EA . 

The anchor is uniformly divided into n units along the axis, so that n 
+ 1 nodes are produced in this process. The number of n + 1 nodes is 
defined as 0, 1, 2, …, n, and the zeroth nodes x0 is located at the head of 
the anchor. Difference scheme of Eq. (20) for time variable t can be 
expressed as: 

g(xi, t + Δt) − g(xi, t)
Δt

+ b
∂2s(xi, t)

∂x2 − cs(xi, t) = 0 (i = 0, 1, ... n) (22)  

where xi is an unknown quantity and represents the location of the ith 
node; Δt is the time interval between differential steps that can be 
defined according to calculation accuracy. 

Eq. (22) can be rewritten as: 

g(xi, t + Δt) =
(

cs(xi, t) − b
∂2s(xi, t)

∂x2

)

Δt + g(xi, t) (i = 0, 1, ... n) (23) 

At the initial moment t0 (t = 0), g(x, t0) of all nodes are calculated to 
be 0 by Eqs. (16) and (21). g(xi, t0 + Δt) can then be calculated by Eq. 
(23). ∂2s(xi ,t0 + Δt)

∂x2 and s(xi, t0 + Δt) are indispensable in the next step of 
calculation. Therefore, the difference scheme of Eq. (21) for location 
variable x is created as follows: 

s(xi+1, t1) + s(xi− 1, t1) − 2s(xi, t1)

Δx2 − as(xi, t1) = g(xi, t1) (i

= 1, 2, ... , n − 1) (24)  

where t1 is t0 + Δt; Δx is L/n , which represents the length interval of 
adjacent nodes. 

Eq. (24) can be rewritten as: 

1
Δx2 s(xi+1, t1) −

2 + a
Δx2 s(xi, t1) +

1
Δx2 s(xi− 1, t1) = g(xi, t1) (i

= 1, 2, ... , n − 1) (25) 

Axial displacement s(xi,t1) of all nodes at time t1 = t0 + Δt are 
regarded as unknown quantities. Therefore, n + 1 equations are required 
for solving these unknown quantities. g(xi, t1) of all nodes have been 
calculated by Eq. (23), and n-1 equations can be established for these 
internal nodes (i = 1, 2, …, n − 1), which are all expressed by Eq. (25). 
Besides, tensile forces of two nodes at the edge of the anchor (i = 0 and n) 
have been obtained, as shown in Eq. (10). Two equations can then be 
established for the two edge nodes by Eq. (8), which can be expressed 
by: 
⎧
⎪⎪⎨

⎪⎪⎩

EA
Δx

s(x1, t1) −
EA
Δx

s(x2, t1) = P0

EA
Δx

s(xn - 1, t1) −
EA
Δx

s(xn, t1) = 0
(26) 

Combining Eqs. (25), with (26), inhomogeneous linear equations 
with n + 1 unknown quantities and n + 1 equations can be established 
as: 

A⋅s = g (27)  

where A =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

EA
Δx

−
EA
Δx

0 0 0 ... 0 0 0 

1
Δx2 −

2
Δx2 − a

1
Δx200...000

1
Δx2 −

2
Δx2 − a

1
Δx20...000 ... 00000...

1
Δx2

−
2

Δx2 − a
1

Δx200000...0
EA
Δx

−
EA
Δx

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

; s = [s(x0, ti), s(x2, ti), ⋅⋅⋅ , s(xn− 1, ti), s(xn, ti)]T; 
g = [P0, g(x1, ti), g(x2, ti), ⋅⋅⋅ , g(xn− 1, ti), 0]T. 

Solving the above equations, the axial displacement of all n + 1 
nodes at time t1 can be obtained. 

s = A− 1⋅g (28)  

where A− 1 is the inverse of matrix A. 
After obtaining the axial displacement, distributions of tensile force 

and shear stress at time t1 can be calculated through Eqs. (8) and (9), 

respectively. Moreover,∂
2s(x,t1)

∂x2 can also be calculated using Eq. (21). 
Hence, the distributions of tensile force, shear stress and axial 
displacement of the anchor at any time can then be calculated according 
to the above method. 
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4. Theoretical prediction for model test response 

Based on the model test results, theoretical analyses using the above 
proposed method are conducted for simulating the creep behavior of 
grouted anchors in laterite. Model parameters have a significant influ
ence on the theoretical prediction results. In this work, Merchant 
rheological model was adopted for considering the creep interaction 
between grout and soil. Its three parameters are not only related to 
material properties, but also stress level (Chen et al., 2016; Sun, 1999). 
To obtain parameters (G0; G1, and η) of the Merchant rheological model, 
the least square method is used in the analysis for the pullout creep 

curves of anchor head obtained from the above model test. The obtained 
model parameters are shown in Table 2. Only the attenuation creep 
curves are analyzed, which are corresponding to the first to fourth 
loading stages (1.75 kN, 3.15 kN, 4.15 kN and 5.15 kN). Young’s 
modulus E of the testing anchor is 31.2GPa calculated by Eq. (3). It is 
noteworthy that model parameters should be carefully calibrated and 
determined in the theoretical simulation to mitigate inevitable 
discreteness between modelling and testing. 

Fig. 8 shows the predicted curves compared with the testing pullout 
creep curves of the anchor head. Correlation coefficients R2 between the 
predictions and the model testing data are 0.973, 0.942, 0.964, and 
0.923, and the root mean square error (RMSE) are 1.2%, 2.6%, 5.8% and 
9.3%, for P0 = 1.75 kN, 3.15 kN, 4.15 kN and 5.15 kN respectively. The 
predicted creep curves agree well with the physical model testing data 
on the whole, which indicates the applicability of the proposed simu
lation method. However, the prediction accuracy decreases with the 
pullout load P0 increasing, especially for the early stage of loading, 
which may be due to the inherent limitations of Merchant model. 

Predictions for the distributions of tensile force and interface shear 
stress at different times are presented in Figs. 9 and 10, respectively. It 
can be observed that the distributions of tensile force and interface shear 
stress are all changed with time for the interface rheological properties 
between grout and soil. The distribution of tensile force is approx
imatively linear, and the interface shear stress is almost uniform along 
the anchor, owing to the lager axial stiffness of the anchor than interface 
shear stiffness. There is something noticeable that the changes of the 
distributions of both tensile force and interface shear stress are little over 
time for the same reason. However, the more linear distribution of 
tensile force and the more uniform distribution of interface shear stress 
along the anchor are still clearly to be seen. More explicitly, when t 
increases from 0 to 50 h, the interface shear stress at the anchor head 
decreases by 20.9%, 10.3%, 7.7%, and 5.4% for P0 = 1.75 kN, 3.15 kN, 
4.15 kN, and 5.15 kN, respectively; whereas at the anchor toe, the 
interface shear stress increases by 15.3%, 6.2%, 4.4%, and 2.9%, 
respectively. This phenomenon indicates the time-dependent mechani
cal behavior of grouted anchors is also related to the anchor properties 
and model parameters. 

5. Parametric studies 

The soil properties, bond length and axial stiffness of the anchors can 
influence the time-dependent behavior of grouted anchors under a 
coupled mechanism. The impact of soil properties on the grout-soil 
interface creep behavior can be reflected in the magnitude of Mer
chant model parameters. Exemplarily, the higher soil viscosity leads to a 
greater magnitude of the parameter η but a smaller magnitude of the 
parameter G1; while the higher soil strength corresponds to a greater 
magnitude of parameter G0. Using the presented load transfer model, 
parametric studies were performed to evaluate the sensitivity of the 
time-dependent pullout mechanical response on the five model param
eters. Table 3 presents parameter magnitude combinations used in 

Table 2 
Parameters of Merchant rheological model used for simulating model test 
results.  

Model parameters P0 (kN) 

1.75 3.15 4.15 5.15 

G0 (MPa) 200 90 63 40 
G1 (MPa) 26 20 13.5 5.6 
η (MPa⋅h) 25 20 15 10  
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Fig. 9. Predictions for the distributions of tensile force at different time.  
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Fig. 10. Predictions for the distributions of interface shear stress at 
different time. 

Table 3 
Parameters design in parametric studies.  

Parameter L (m) G0 (MPa) G1 (MPa) η (MPa⋅h) EA (MN) 

L 1.5/3/6/ 
9/12/15/ 
18 

40 5.6 10 88.2 

G0 6 40/30/ 
20/10/5 

5.6 10 88.2 

G1 6 40 1.4/2.8/ 
5.6/8/12 

10 88.2 

η 6 40 5.6 10/30/50/ 
70/90 

88.2 

E 6 40 5.6 10 88.2/56.5/ 
28.3/14.2/ 
7.1  
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parametric studies. The time interval Δt was set as 0.2 h, and the total 
time calculated was set as 72 h, which is substantially identical to the 
loading time of the above model test. The anchor was uniformly divided 
into 30 units along the axis. Additionally, the pullout load was deter
mined as 5.15 kN. 

5.1. Effect of bond length L on time-dependent pullout response 

The bond length is a key parameter in the design of grouted anchors. 
Fig. 11 shows the time-dependent distributions of tensile force with 
various bond lengths. As time increased, the distributions of tensile force 
tend to be more linear, and the interface shear stresses tend to be more 
uniform along the anchor. In particular, the change rates of both tensile 
force and interface shear stress decrease to zero gradually with time 
increasing. The distributions of both tensile force and interface shear 
stress at initial moment t0 and final moment t∞ can be calculated by Eqs. 
(16) and (19), respectively. Additionally, the nonlinearity and time ef
fect of the tensile force distribution become more obvious with bond 
length L growing, which indicates that the time-dependent load transfer 
behavior of grouted anchors is more significant affected by the interface 
shear rheological properties between grout and soil. 

Fig. 12 shows the pullout creep curves of anchor head with various 
bond lengths. It can be observed that the pullout displacement increases 
in decay state with time elapsed, and gradually approaches to a certain 
value s∞, which can be calculated by Eq. (19). Obviously, for longer 
bond length L, the pullout creep displacement tends to be smaller. More 
specifically, the pullout displacement at the initial and final moments 
versus bond length is illustrated in Fig. 13. As the bond length 
increasing, both the initial and ultimate pullout displacement of grouted 
anchors all decrease, and gradually approach to two certain values 
named sL→∞(x0,t0) and sL→∞(x0,t∞), which can be calculated by Eqs. (29) 
and (30), respectively. Hence, reducing the long-term displacement of 
anchorage structure in design practice cannot be achieved by increasing 
the bond length overly. 
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Fig. 11. Time-dependent distributions of tensile force with various bond lengths: (a) L = 6 m; (b) L = 9 m; (c) L = 18 m.  
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Fig. 13. Pullout displacement versus bond length at the initial and ulti
mate conditions. 
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sL→∞(x0, t0) = lim
L→∞

P0

(e2βL − 1)βEA
(
1 + e2βL) =

P0

βEA
(29)  

sL→∞(x0, t∞) = lim
L→∞

P0

(e2β∗L − 1)β∗EA
(
1 + e2β∗L) =

P0

β∗EA
(30)  

5.2. Effect of interface shear modulus G0 on time-dependent pullout 
response 

Fig. 14 shows the pullout creep curves of anchor head with various 
G0. As G0 increasing, the pullout displacement of grouted anchors de
creases, and gradually tends to a certain value named sG0→∞(x0,t∞) 
(about 0.927 mm in this work) that can be calculated by Eq. (31) when 
time approaches infinity. 

sG0→∞(x0, t∞) = lim
G0→∞

P0

(e2β∗L − 1)β∗EA
(
1 + e2β∗L)

=
P0

(e2β0L − 1)β0EA
(
1 + e2β0L) (31)  

where β0 = lim
G0→∞

β∗ =

̅̅̅̅̅̅̅̅
G1μp
EA

√

. 

5.3. Effect of interface shear modulus G1 on time-dependent pullout 
response 

As indicated by Fig 15, G1 has a great influence on the pullout creep 
displacement. More specifically, as G1 increasing, the ultimate pullout 
displacement of grouted anchors decreases, and gradually tends to a 
certain value named sG1→∞(x0,t∞) (about 0.212 mm in this work), which 

can be calculated by Eq. (32). 

sG1→∞(x0, t∞) = lim
G1→∞

P0

(e2β∗L − 1)β∗EA
(
1 + e2β∗L) =

P0

(e2βL − 1)βEA
(
1 + e2βL)

(32)  

where β = lim
G1→∞

β∗ =

̅̅̅̅̅̅̅̅
G0μp
EA

√

. 

5.4. Effect of interface viscosity coefficient η on time-dependent pullout 
response 

Figs. 16 and 17 show the time-dependent distributions of tensile 
force and pullout creep curves of anchor head with various interface 
viscosity coefficient η, respectively. It can be observed that the distri
butions of tensile force and pullout displacement at the initial and final 
moments are identical with different η, which indicates that η does not 
influence the initial and ultimate pullout response. But the greater η is, 
the smaller the variation is in both tensile force and pullout displace
ment, and the longer the time needs for creep stability. Hence, the creep 
effect of grouted anchors with greater η would be more obvious. 

5.5. Effect of axial stiffness EA on time-dependent pullout response 

Figs. 18 and 19 show the time-dependent distributions of tensile 
force and pullout creep curves of anchor head with different axial 
stiffness EA, respectively. It should be noted that the axial stiffness of the 
anchor measured in the above model test was 88.2 MN. For greater EA, 
the distributions of tensile force for grouted anchors are more linear, and 
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Fig. 16. Time-dependent distributions of tensile force with various interface viscosity coefficient η: (a) η = 10 MPa⋅h; (b) η = 30 MPa⋅h; (c) η = 90 MPa⋅h.  

Fig. 17. Pullout creep curves of anchor head with various interface viscosity 
coefficient η. 
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the shear stresses are more uniform along the anchor, but the creep ef
fect tends to be weakened. Additionally, with the axial stiffness 
increasing, the creep pullout displacement decreases, and the pullout 
displacement at the initial and final moments all tend to certain values 
that can be calculated by Eqs. (34) and (35), which are 0.114 mm and 
0.927 mm in this work, respectively. This demonstrates that goal of the 
pullout displacement reduction cannot be achieved by increasing the 
axial stiffness excessively in anchorage structures. Hence, avoiding the 
excessive amount of stiffness value in grouted anchors is encouraged in 
design practice. 

sEA→∞(x0, t0) = lim
EA→∞

P0

(e2βL − 1)βEA
(
1 + e2βL) =

P0

μpLG0
(34)  

sEA→∞(x0, t∞) = lim
EA→∞

P0

(e2β∗L − 1)β∗EA
(
1 + e2β∗L) =

(G0 + G1)P0

G0G1μpL
(35)  

6. Conclusions 

Creep pullout model test for full-length-bond grouted anchors 
embedded in laterite was carried out using a specially designed pullout 
setup. Time-dependent pullout response, i.e. tensile force and shear 
stress distributions over bond length, and pullout displacement creep 
curves of anchor head were measured in the physical model test. The 
time-dependent load transfer analysis method on the grouted anchor 
embedded in laterite was developed by modelling the anchor-laterite 
interface shear creep behavior using Merchant rheological model. 

By comparing measurements obtained in model test and predictions 
derived from load transfer simulation for pullout creep response, the 

effectiveness and applicability of the presented analysis method were 
essentially examined and verified. Based on the analysis method, the 
impacts of bond length, axial stiffness of the anchor, and interface creep 
model parameters on the time-dependent pullout response of grouted 
anchors were further investigated parametrically. The main conclusions 
can be summarized as follows: 

• The specially designed creep pullout setup and test protocol pre
sented in this work are capable of measuring the time-dependent 
pullout response of grouted anchors embedded in laterite with the 
soil conditions and anchor dimensions well controlled.  

• The creep pullout displacement of grouted anchors embedded in 
laterite was mainly constituted by the grout - soil interface shear 
displacement rather than the tensile deformation of anchor owing to 
the comparatively prevailing anchor axial stiffness than the interface 
shear stiffness.  

• Both test measurements and load transfer modelling predictions 
reveal that the linearity of tensile force distribution and the unifor
mity of interface shear stress distribution over bond length, 
enhanced over the elapsed loading time. 

• Shear modulus relevant parameters in Merchant rheological model
ling of interface creep behavior affect remarkably the pullout creep 
displacement. 

• The increasing viscosity coefficient in Merchant rheological model
ling of interface creep behavior corresponds to more obviously 
observed pullout creep behavior, but does not change pullout 
response at initial and ultimate conditions.  

• Excessively increasing bond length and axial stiffness is not capable 
of reducing the ultimate pullout displacement for grouted anchors in 
laterite, and is not recommended in design practice. 

Overall, the grout - soil interface creep behavior of grouted anchors 
embedded in laterite was investigated thoroughly by incorporating 
creep pullout model testing and load transfer modelling in this work. 
The presented creep pullout testing protocol and rheological modelling 
technique can provide insights into understandings of time-dependent 
behavior, and facilitate the service life design practice for grouted an
chors embedded in laterite. It is noted that further investigations on 
coupled interactions among interface creep, soil creep and anchor creep 
are undergoing by the authors, which is indeed a more accurate 
modelling of time-dependent behavior of grouted anchors. 
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