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ABSTRACT

Anchorage system has been applied in many engineering projects, such as slope
strengthening, tunnel supporting and mining. Different mechanical models of anchorage
system have been built. But the numerical simulation for the anchorage system pullout tests
has seldom been done. In this paper, a numerical approach able to predict the mechanical
behaviour of anchor subjected to pull-out tests is proposed. The mechanism of the anchor
system is given, input parameters of such approach are: anchor geometry size, anchor’s
Young modulus, anchor’s Poisson’s ratio, and the constitutive law of the anchor-grout-soil
interface with their parameters: friction angle, cohesion, shear stiffness and normal stiffness.
Numerical solutions for the following aspects are done: distribution of anchor axial stress,
response of the soil, the effect of the surrounding stress to the limit anchoring force, and the
effect of the anchor length to the limit anchoring force.

KEYWORDS: Anchorage system; anchor; pullout test; numerical; simulation;
interaction, mechanism.

INTRODUCTION

Anchorage system has been applied in many engineering projects!”, such as slope
strengthening, tunnel supporting and mining. The strengthening mechanism of anchorage system
has been studied by many researchers in the past several decades”®. Different mechanical
models of anchorage system have been built. For instance, Yang et al.”! and Wu et al."*! suggested
a pull-out model of anchorage system with two different boundaries using a shear-lag model.
Delhomme and Debickil™ studied the behavior of long and smooth anchor rod with enlarged head
considering the visco-elastic behavior of epoxy described by the creep laws. Milligan and Tei
examined the fundamental interaction mechanisms between anchor and soil during pullout™®.
Anchorage systems have a high ratio of the circumference to the cross-sectional area, and
therefore they rely essentially on frictional resistance for the load transfer, the pullout test is the
main method to obtain the reinforcement mechanical parameters’” ), some scholars studied these
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parameters by the insitu-tests''”'*], which will cost great and cause some errors due to the

complicated interaction between anchor and soil. So it is necessary to find some other methods to
solve this problem. Fortunately, in recent years, rapid advances in computer technology and
sustained development have pushed the numerical analysis methods like the fast lagrangian
analysis of continua three dimensions (FLAC3D) to the forefront of geotechnical practice!*". In
the present paper, a numerical approach able to predict the mechanical behaviour of anchor
subjected to pull-out tests is proposed. The mechanism of the anchor system is given. Numerical
solutions for the following aspects are done: distribution of anchor axial stress, response of the
soil, the effect of the surrounding stress to the limit anchoring force, and the effect of the anchor
length to the limit anchoring force.

MECHANISM OF ANCHOR REINFORCEMENT

The cohesive effect during anchor and foundation is the main factor influencing the
reinforcement degree, which is related to not only the construction method, but also the property
of soil mass. The interaction mechanism between soil and anchor is very complicated. According
to the simplification point of view, when anchor takes effect in the soil, it mainly supports the
tensile stress. The double-spring anchor element''® is adopted, shown in Fig.1.

The relative displacement among anchor, grout and soil mass is calculated by the relative
displacement of anchor-grout system and grout-soil system. When the relative slippage takes
place in each system, the shear characteristic of grout can be described by a series of anchor
parameters and grout parameters. During the numerical calculation, anchor is divided into many
small parts, and its deformation and stress state are obtained by integrating the corresponding
response of these small parts.

The axial force of anchor element F* can be obtained by its axial displacementUy,,
R =Kiuy, 1)

where, u,, =ufn, = U —ul"n, +(ui—ulhn, +UP —ulMn, ; u™ is the displacement of

node M inthe I direction; N, is the direction cosine of anchor axis.

The shear behavior of the anchor-soil interface is cohesive and frictional in nature. The
system is represented numerically as a spring-slider system located at the nodal points along the
anchor axis. Shear behavior of the system, is described by the anchor/grout interface and the
grout/soil interface, shown in Fig 2. The grout annulus is assumed to behave as an elastic-
perfectly plastic solid. As a result of relative shear displacement, between the tendon surface and
the borehole surface, the shear force of anchor is,
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where F? is the shear stress of grout annulus; U, is the relative displacement between of

anchor-soil interface; L 1is the effective reinforcement length; KSa is the shear stiffness of
grout.

Figure 1: Anchor element
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Figure 2: The deformation model of anchor

As a result of relative shear displacement for grout element U', the shear force of grout can
be obtained,

F'=k,u' 3)

After deduction, the shear stress of grout-soil interface can be obtained for per length,
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. G-Au
° (D/2+t)In(1+2t/D)

(4)

where AU is the relative displacement of grout-soil interface; G is the shear modulus of
grout; 1 is the thickness of grout; D is the diameter of anchor.

NUMERICAL CALCULATION MODEL

The commercial program FLAC3D is used to establish the numerical calculation model for
simulating pullout test of anchor, shown in Fig.3, the size of the model is 4 m length, 4 m width
and 7 m height. The soil is described by the elastic model for the purpose of mainly focusing on
the interface reaction between anchor and soil. During the numerical test, the anchor is loaded
with the velocity of 1.0x10”mm/step at the anchor head tip. Parameters for the soil is, 20.0 MPa
elastic modulus, 0.3 Poisson’s ratio; parameters of the anchor is 5.0 m length, 100.0GPa elastic
modulus, 0.25 Poisson’s ratio, 706.5mm’ sectional area, 314 mm perimeter, 1.0x10° N/m?
stiffness of interface between anchor and soil, 15.0 kPa cohesion of interface, 25° friction angle
of interface. The calculation convergence criterion is the unbalance force ratio criterion!'®, in
which the maximum unbalance force is divided by the average nodal force. The calculation
§ystem is considered to be in the balance degree, when the unbalance force ratio is lower than 10
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Figure 3: Calculation model for anchor subjected to pullout test
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RESULTS AND DISCUSSION

Distribution of anchor axial stress

The axial stress of anchor during pullout procedure, and the variation for the axial force of
anchor are shown in Fig.4 and Fig.5, each line in the figure indicates the variation of the axial
force at different parts of anchor. From the figure, it can be seen that the axial stress distributed
along the anchor shaft, the axial stress exhibits the maximum value at the anchor head tip, and
decreases along the anchor shaft, which has the same trend discipline of the insitu-test''*'*, At
the initial phase of pullout test, with the increase of the displacement of the anchor head, the
anchoring force increases gradually. When the displacement of anchor head reaches some
magnitude, the axial stress at each part of anchor reach their maximum value. At the initial phase
of pullout test, the slipping failure only occurs at the anchor head, while with the loading going
on, the failure propagates quickly, then lead to the whole failure of the anchor. At the final phase
of pullout test, the anchoring forces reach its maximum value and remain unchanged, which
indicates the whole failure of the anchor.
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Figure 4: Axial stress of anchor at the initial phase of pullout
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Figure 5: Axial stress of anchor at the final phase of pullout

Response of the soil

Fig.6 shows the displacement response of soil along the anchor shaft direction during the
pullout test. From the figure, it can be seen that, the soil mass tends to be pulled out by anchor
with the friction force of interface between anchor and soil mass, the maximum value of the soil
displacement is 1.3 mm, which is far smaller than that of anchor head; the maximum value of
displacement of soil is at the anchor tail, and shown in the circular form to expand to the outside
gradually. And due to the compressive effect by anchor, the surrounding soil mass tends to move
to sideward.

The stress contour of the soil along the anchor shaft direction is shown in Fig.7. From the
figure, it can be seen that, the pre-stressed anchor forms two stress concentrated areas: one is at
the anchor head, which is the surface compressive area, another is at the anchor tail tip. The stress
concentrated areas are induced by the compressive effect of the anchor to the soil. The
influencing area by the compressive effect is about 2.0 ~3.0 m around, in which the compressive
stress and compressive deformation show the maximum magnitude at the anchor head. And the
concentrated area at the anchor tail is caused by that the compressive stress and tensile stress meet
together.
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(b) Soil deformation trend along anchor shaft

Figure 6: Displacement of soil along anchor shaft
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Figure 7: Soil stress along anchor shaft
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The effect of the surrounding stress to the limit anchoring
force

Fig.8 shows the relationship between anchor head displacement S and the tensile load Q.
From the figure, it can be seen that, with the increase of tensile displacement, the anchoring force
exerted by the anchor increase as well; and if the surrounding stress of the soil is small, the
relationship between the load and displacement shows the nonlinear characteristic, while with the
increase of the surrounding stress of soil, the relationship between the load and displacement
shows the linear characteristic.

With the increase of surrounding stress o, of soil, the limit anchoring force of anchor

increases as well, as shown in Fig. 9. Relationship between failure load of anchor and
surrounding stress can be fitted by exponential equation with high coefficient. The increase of the

surrounding stress o, can increase the friction between soil and anchor, but there exist a limit

value of o, if the surrounding stress surpass the limit value of o, the anchoring force of

m?*
anchor can no longer be increased by only increasing the surrounding stress of soil. In the model
studied, the limit anchoring force is 266 kN.
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Figure 8: Loading-displacement of anchor head
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Figure 9: Relationship between limit anchor force and surrounding stress
of anchor

Effect of the anchor length to the limit anchoring force

Fig.10 shows the relationship between limit anchoring force of anchor and its length. From
the figure, it can be seen that, the relationship between limit anchoring force of anchor and its
length shows in the linear form. If the linear fitting is applied to their relationship, the fitting
coefficient is 0.99991, which indicates good fitting result. Then increasing the anchor length is an
effective way to increase the anchoring force of anchor reinforcement system. The relationship of
anchor with different anchor length and the anchoring force is shown in Fig.11. From the figure,
we can see that, with the increase of anchor length, the anchor limit anchoring force increase
gradually, and the relationship curves are all in the nonlinear form before they reach the peak
value.
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The axial stress propagates procedure

Suppose the time needed for excavation is t, then the axial stress propagation is shown in
Fig.12 during the anchoring procedure. From the figure, it can be seen that, along the anchor shaft,
the anchoring force decreases gradually from the anchor head to the anchor tail. The anchoring
force of each part of the anchor shaft increases with the anchoring time passed, but the increase
magnitudes of the anchoring force at the same time are different. For instance, at the initial phase
of the loading, the increase magnitudes of the anchoring force is larger. Take the anchoring force
at the anchor head for example; the increase magnitudes of the anchoring force during excavation
procedure are 98.18%, 39.69%, 14.75% and 0%.
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Figure 12: Axial stress transferring procedure of anchor

CONCLUSIONS

Numerical solutions for the following aspects are done: distribution of anchor axial stress,
response of the soil, the effect of the surrounding stress to the limit anchoring force, and the effect
of the anchor length to the limit anchoring force. Results show that, the axial stress of anchor
reduces along shaft; During the loading procedure, the failure propagates rapidly along anchor
shaft, and finally leads to the whole failure of anchor; The soil mass tends to be pulled out by
anchor by the friction force of interface between anchor and soil mass; The increase of
surrounding stress can lead to the increase of cohesion of the interface between anchor and
surrounding soil mass, but with a limit magnitude.
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