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Abstract Today, fibre-reinforced polymers (FRP)

are widely used construction materials. The use of

non-metallic reinforcement as inner reinforcement has

many advantages, as is well known, but there are some

areas of application that need to be resolved in order to

improve the usage of FRP reinforcement in real-world

conditions. One of these is the design of a suitable

anchorage for prestressed FRP applications. It is

difficult to design a safe anchorage using conventional

methods of anchoring (systems for the anchorage of

steel tendons) due to the well-known low compressive

strength perpendicular to the fibres, this being due to

the anisotropy of composite materials. Most of the

anchoring systems commonly used worldwide are

based on the use of metal parts (steel tubes, wedges,

etc.) in a systemwhich is primarily designed to be non-

metallic. It is in contradiction with the initial intention

to use non-metallic reinforcement. The presented text

describes the basic physical and mechanical properties

of a developed non-metallic anchor element. The

essential principles of an analytical solution of the

developed anchoring element based on the stiffness

parameters of the system’s individual components are

also presented. The behaviour of each material used is

described in terms of simplify form. The functionality

of the anchoring system was verified by a number of

load tests and the obtained results were compared with

theoretically and numerically calculated values. The

presented results show the high efficiency of the

anchoring system as well as the suitability of the

derived analytical solution for simplified design and

evaluation of the anchoring area.

Keywords FRP reinforcement � Non-metallic �
Anchorage � Analytical solution � Pull-out

1 Introduction

Fibre-reinforced polymers (FRP) used as inner rein-

forcement in concrete members are, especially in the

case of members exposed to demanding environmen-

tal conditions, regarded as a better alternative to steel

bars due to their resistance to corrosion, their

nonmagnetic behaviour, and also their very good

strength to weight ratio. One of the disadvantages of

FRP reinforcement is its lower modulus of elasticity

(especially in the case of commonly-used GFRP

reinforcement). This leads to lower stiffness and thus

to greater deflections of structures, and can also cause

early propagation of cracks (see e.g. [17]). The paper

deals with the possibility of eliminating this problem
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by prestressing the reinforcement. It is especially

focused on the description of the behaviour of the

anchoring area of the own developed anchoring

element, which is based on the creation of an

additional spreading area in the anchorage zone of

(not only) prestressed reinforcement by casting.

It is difficult to design a safe anchorage due to the

anisotropy of composite materials and their low

compressive strength perpendicular to the fibres.

While using standard anchoring cones with jagged

surfaces the following forces arise in prestressed

reinforcement– axial tension, longitudinal shear and

transverse compression. Erki and Rizkalla [7, 8]

introduced basic types of anchorages for commonly

used types of tendons which can be divided into two

main groups-mechanically based anchors (‘‘wedge

type anchor’’) and bond based anchors (‘‘grout type

anchor’’). A considerable number of anchoring sys-

tems have been developed or modified during the last

few decades (see e.g. [6] or [10]). Unfortunately, most

of them rely on steel parts (e.g. [1, 2, 8, 13, 16, 21, 22]),

which is in contradiction with the initial intention to

use non-metallic reinforcement and to take advantage

of its lack of corrosion risks or use its other positive

aspects. This was the main reason for the development

of a grout-based anchoring system which does not rely

on any metal parts (see [9 or 18]).

Although a lot of experimental work has been

carried out on grouted FRP bars anchored in steel

tubes filled with epoxy resin or mortar, theoretical

studies regarding the prediction of anchor tensile

capacity are relatively a few in the literature. They

primarily consist of the seminal work by Zhang et al.

[20] and newer works mostly based on Zhang (e.g.

12, 14, 15, 19]). Most of these works are dedicated

to systems based on the use of steel tubes as the

basic part of the anchor, and cannot be used in

general conditions. Furthermore, the derived formu-

las are often accurate but too complicated for

common use.

For the above-mentioned reasons, the theoretical

part of the development of the anchoring system was

aimed at the derivation of simplified forms of equa-

tions that are easy to use in design practice. A

description of the theoretical behaviour of an anchor-

ing area is presented in the paper. The behaviour of the

anchoring area is described by using the stiffness

parameters of its individual components. Finally, a

comparison of data obtained from numerical and

analytical calculations with data obtained from ex-

periments is presented.

2 The developed anchor element

Between 2008 and 2009, a system of anchoring

prestressed FRP reinforcement (published for example

in [9 or 18]) was developed during research and

development activities conducted at the Faculty of

Civil Engineering at Brno University of Technology.

The anchoring system is based on the creation of an

additional spreading area in the anchorage zone of

prestressed reinforcement. This area allows the effi-

cient transfer of prestressing force into the surround-

ing concrete (idealized shape is depicted in Fig. 1).

Thus, the anchoring length is significantly shorter than

the normal necessary bonded length of straight tendon.

The area is created by attaching one or more anchoring

rollers manufactured from a special polymer com-

pound (made up of a special mixture) with a larger

diameter than the diameter of the reinforcement (see

Fig. 2). The diameters, lengths and also number of

rollers are variable. See the figure below (Fig. 1) for an

idealized working diagram of the anchor element. In

the figure, F denotes the anchored force, Lk the length

and Dk the diameter of the anchoring element. The

colours used depict the type of acting forces-red for

compression, green for tensile forces acting on the end

of the anchor and blue for the shear forces on the

surface of the anchor. The behaviour of the anchor will

be described in more detail in Chap. 3.

Anchoring elements can be optionally arranged in

series, either to increase the loading capacity and

safety of the anchorage system or to reduce the

deformation in the anchorage area (the anchorage area

is stiffer).

Anchors are made from a special thermosetting

polymer compound with mineral fillers (reinforcing

fibres may be used to increase the tensile strength)

which is injected into a removable form and thereafter

hardened. The material of the anchor has excellent

cohesion with the reinforcement and due to this it is

possible to transfer tensile force via a shorter anchor-

age length. The anchoring element is simple to im-

plement, both in the preparation as well as their

subsequent implementation. The anchors are intended

mainly for precast elements but can be used also for

additionally prestressed members. In addition, the
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developed anchoring system offers all the advantages

of using FRP reinforcement.

3 Analytical solution of the anchoring area

The goal of the presented analytical solution is to

describe the dependence of the anchored force on the

slip of the embedded prestressed reinforcement, and

also to quantify the prestressing loss due to the slip in

the reinforcement/anchor and anchor/concrete

interface. The main transfer of anchored force into

the surrounding concrete takes place in the heads of

anchors. Anchors create ‘‘stops’’ in the concrete and

can be idealized as springs pressing against the

concrete in the heads of anchors. It is therefore

convenient to describe the behaviour of the anchoring

area by using the stiffness parameters of its individual

components (as opposed to the approach used in the

above-mentioned works based on Zhang [20]). The

derived equations describe the dependence of pre-

stressing force on the deformation (slip) of particular

parts of the anchoring area. Furthermore, the modifi-

cation of the anchoring area (addition of another

anchoring element, etc.) is possible without any

expressive redesign of the given solution.

3.1 Basic assumptions

The following assumptions are held for the presented

analytical solution:

(a) The material of the anchoring element (grout

anchor) will behave in an elastic manner until

the failure;

(b) The behaviour of the surrounding concrete and

FRP reinforcement is fully described by the

constitutive law;

(c) The anchored force is distributed from the

reinforcement into the anchor via shear forces

acting on the interface between the anchor and

the reinforcement in accordance with the de-

fined constitutive law (hence, the interface is

considered to be a particular material in the

presented solution);

Fig. 1 The developed anchoring element—an idealization of forces acting on one anchor (red-compression, green-tensile, blue-shear)

Fig. 2 Anchoring element cut horizontally
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(d) The cooperation between the reinforcement and

the anchoring element takes place along the

whole length of the interface;

(e) The stresses on the cross-section (anchor,

reinforcement) are distributed uniformly;

(f) The behaviour of the anchor is considered rigid

when calculating the strain of the surrounding

concrete below the head of the anchor;

(g) The diameter of the anchored tendon is consid-

ered constant along the entire length of its

anchoring area.

The anchoring system can be idealized, in accordance

with the above-mentioned assumptions, as a system of

springs arranged in series (see Fig. 3) together

accounting for the transfer of the anchored force to

the surrounding concrete.

In the aforementioned figure, L denotes the length

of the whole anchoring system, L
j
k the length and D

j
k

the diameter of the j-th anchoring element, and S j
v the

distance between anchoring elements j and j ? 1 (or

the depth of the spreading area, which is affected by

the distance between the anchor and an edge of the

concrete member, and by the spacing of the anchoring

elements). E
j
k and A

j
k are Young’s modulus of

elasticity and the cross-section area of the j-th

anchoring element, respectively, Ev and Av represent

Young’s modulus of elasticity and the cross-section

area of the anchored FRP reinforcement of diameter dv

(dv\D
j
k), respectively, and F is the anchored pre-

stressing force.

The anchored force consecutively activates each of

the springs, which bears a force proportional to its

actual stiffness. The total bearing capacity is given as a

sum of the forces from the pressed surface areas

(heads) of the anchors and the forces arising from

shear between the anchor surface and the surrounding

concrete and friction between the reinforcement and

the surrounding concrete (see Fig. 1).

The whole anchoring system is composed from (see

Fig. 3):

(a) The reinforcement in front of the 1st anchor

(given Av and Ev);

(b) The surrounding concrete (given: material

characteristics, especially modulus of elasticity

Ec and compressive strength fck);

(c) Nk anchoring elements (given: Ak, Ek and the

length of anchor Lki), where N is the number of

the anchoring elements;

(d) Nk–1 reinforcements between the anchoring

elements (given: Av, Ev, the length of reinforce-

ment between the anchoring elements Svi).

Each j-th anchoring element can be divided into ni

segments with segment length lk,i, and each j-th

reinforcement between the anchoring elements can be

divided into mi segments with segment length sv,i (see

Fig. 4) in such a way that:

XN

j¼1

L
j
k þ

XN�1

j¼1

S j
v ¼ L; ð1Þ

Fig. 3 The anchoring area a real shape; b idealized behaviour
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Xn

i¼1

l
j
k;i ¼ L

j
k; ð2Þ

Xm

i¼1

s
j
v;i ¼ S j

v; ð3Þ

where l
j
k;i is the length of the i-th element from the j-th

anchoring element and s
j
v;i is the length of the i-th

element from the j-th reinforcement between the

anchoring elements.

Each of the sub-elements (segments) of the an-

choring system (see Fig. 4) can be idealized by

a single reference point located in the centroid of the

segment (i.e. for a rod segment of constant cross-

section in the middle of its length) and its correspond-

ing unknown displacement. Based on the known

stiffness parameters of the system segments (i.e.

knowledge of Ev, Ek, Av and Ak), and by using

elementary elasticity equations, the deformation state

can be calculated at each reference point of the

anchoring system.

For each system reference point (based on the

constitutive law describing the behaviour of the

interface) it is possible to determine the bond stress-

strain dependence; in other words, to calculate the

particular force F
j
i according to the following Eq. (4):

F
j
i ¼ s u

j
i

� �
� l

j
k;i � p � dv; ð4Þ

where s( u
j
i ) is the bond stress between the reinforce-

ment and the anchoring element of the i-th element of

the j-th anchor (for the constitutive law describing the

behaviour of the interface see Chap. 3.3.1) and u
j
i is the

slip of the reinforcement in the interface between the

reinforcement and the anchoring element of the i-th

elements of the j-th anchor.

The resulting loading capacity of the anchoring

system is given as the sum of the resistances of its

segments, i.e. the sum of the contributions of anchor-

ing elements and reinforcements between the anchor-

ing elements according to the following equation:

XN

i¼1

Xn

j¼1

F
j
k;i þ

XN�1

i¼1

Xn

j¼1

F
j
v;i ¼ F: ð5Þ

In the above-mentioned equation, F
j
k;i denotes the

resistance of the j-th segment of the i-th anchoring

element, and F
j
v;I is the resistance of the j-th segment

of the i-th reinforcement between anchoring elements,

N represents the number of anchoring elements in the

anchoring system, and n (or n) is the number of sub-

segments of each anchoring element in the system (or

reinforcement between anchoring elements).

A basic deformation equation for the general i-th

reference point of the anchoring system can be

expressed as follows [Eq. (6), see Fig. 5]:

ui�1 þ uk;i�1 þ uc;i�1 ¼ ui þ uk;i þ uv;i þ uc;i; ð6Þ

where ui-1 and ui are the slips in the interface between

reinforcement and anchor at the i-1 and i-th reference

point, respectively, uk,i-1 and uk,i are the slips caused

by elastic deformation of the anchor at the i-1 and i-th

reference point, respectively, uc,i-1 and uc,i are the

slips caused by deformation of concrete in the anchor

Fig. 4 The principle behind

the splitting of the

anchorage area into

individual elements;

a anchoring element,

b tendon between anchors
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head, and uv,i is the slip caused by elastic deformation

of the reinforcement between the solved points-it is

assumed that this elastic deformation is caused by

force transmitted by the previous sub-segment (i.e. the

reference point of segment i-1).

The basic deformation Eq. (6) is subsequently

modified according to the position of solved nodes in

the anchoring system:

(a) The equation for the first reference point of the

anchoring element must take into account the de-

formation of concrete in the head of the anchor

caused by the transmission of force from the anchor

to the surrounding concrete; and also the deforma-

tion of the anchor between the head and the first

node, which activates friction on the surface;

(b) The equation for the first to n-th reference point

of the anchoring element reflects the deforma-

tion of the anchor, which activates friction on

the surface;

(c) The equation for the last reference point of the

anchoring element takes into account the defor-

mation of the anchor between the last node and

the end of the anchor, via which friction on the

surface is generated. It is also possible to include

the tension between the end of the anchor and

the surrounding concrete in the equation (see

Fig. 1), but this is obviously insignificant;

(d) The equation for the general reference point (i.e.

the first to n-th) of the reinforcement between

anchoring elements reflects the deformation of

the reinforcement and thus also the friction

which is generated on the surface of the

reinforcement.

3.2 Calculation method

For each part of the anchoring system (N anchoring

elements and N - 1 reinforcements between the

anchors) with n individual segments, exactly n equa-

tions of continuity (6) are assembled (for n ? 1

unknown slips, including the starting slip in the head

of the anchor) and modified depending on the position

of the solved nodes in the anchoring system. They are

then included in the global matrix via the position of

their reference points in the system.

The unknown values of deformations for one

anchoring element divided according to Eq. (2) into

n sub-segments can be calculated (by using Eq. (6)

and elementary elasticity equations describing the

stiffness of the springs) in the following manner:

– The slip in the interface ui is always caused by the

particular appertained force. Thus, it is always the

unknown parameter of calculation and can be

written for the whole anchor as a column vector of

slips u(n11,1) about n ? 1 unknowns. The slip in the

anchor head u0 (starting slip) is generally nonzero;

– The slip of the reference point uk,i caused by the

elastic deformation of the anchor is established

with an assumption of the particular forces

(obtained from sub-elements of the split anchor)

acting on the appropriate length of anchor. This

system of equations, assembled for the whole

anchor, can be written in matrix form as follows;

uk ¼ Kkðn;nÞ fðn;1Þ; ð7Þ

where Kk(n,n) is the symmetrical square matrix of

the anchor’s stiffness. The type of matrix is (n,n),

Fig. 5 Anchoring area–

deformation behaviour of

the anchor element
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where n is equal to the number of sub-elements.

f(n,1) is the column vector of acting forces Fi

calculated for each node 1 to n. The resulting value

of the nodes’ slips caused by the deformation of

the anchor is the column vector uk of n rows.

– The slip of the reference point uv,i caused by the

deformation of the FRP reinforcement is estab-

lished with the assumption that a force from a

given sub-element is acting on an active length of

the reinforcement (i.e. on the length of the

reinforcement where the force has an effect and

causes the deformation). The following equation

for n sub-elements must be valid:

uv ¼ fðn;1Þ kvð1;nÞ; ð8Þ

where f(n,1) is the column vector of forces acting on

an appropriate active length and kv(1,n) is the

vector of the reinforcement’s stiffness constants.

The resulting value of the nodes’ slip caused by the

deformation of reinforcement is the column vector

uv of type (n,1).

– The slip of the reference point caused by the

deformation of the concrete in the head of anchor uc
is established with the assumption that the sum of

all particular forces Fi (see Eq. (4)) of the given

anchor acts on the stiffness springs substituting for

the surrounding concrete in the head. If only one

anchoring element is taken into account then the

value uc will be the same for all calculated

deformation Eqs. (6). The value uc for the last node

of the previous and the first node of the next anchor

will generally be different only in the case of

anchoring systems with more than one anchor. The

value of concrete deformation in the head of an

anchor can be calculated by the following equation:

uc ¼ a �
Pn

i¼1 Fi

Kc

; ð9Þ

where Kc is the actual stiffness of the surrounding

concrete in the head of the anchor and RFi is the

sum of all particular forces acting on the given

anchor. The stiffness Kc can have two limit values

depending on the level of stresses in the concrete

below the anchor’s head—i.e. if the concrete

exhibits elastic or plastic behaviour.

The coefficient a takes into account the influence

of the edge condition on the deformation of

concrete. The coefficient a is equal to 1.0 for an

element anchored in the continuum (i.e. without

the influence of the edge of the concrete member);

for the case with the influence of the edge a is

always [1,0. The method for determining the

coefficient a is presented in Chap. 3.4.

For each part of the anchoring system (N anchoring

element and N-1 reinforcement between anchors) with

n individual segments, exactly n equations of conti-

nuity (6) are assembled and modified depending on the

position of the solved nodes in the anchoring system.

They are then included in the global matrix via the

position of their reference points in the system.

Therefore, the unknown slips u0 to un, stiffness and

length constants (E, A, l) and forces F1 to Fn can be

found in the matrix. The mentioned forces can also be

written (see Eq. (4)) as a function of variable u.

The above-mentioned system of n linear equations

with n ? 1 unknowns can be solved by known

mathematical solution methods. However, depiction

of the dependence between the anchored prestressing

force and the slip in the head of an anchor (via a so-

called ‘‘working diagram’’) is very useful for design-

ing the anchoring area and can be obtained from the

solution. By substituting an unknown deformation

parameter for a specific value (for the determination of

a ‘‘working diagram’’ it is appropriate to select a value

of deformation at the zero point u0) there will be

exactly n unknown values in the matrix of linear

algebraic equations with n lines.

This system of linear equations with the same

number of equations as unknown values can already

be easily solved. The deformation state (i.e. the slip in

each node of the system) of the anchor area is obtained

from the suggested analytical solution. The total force

F from each of the deformation states of the anchoring

area (i.e. for each of the pre-described slips u0) can be

calculated now. When the slip in the zero node is

selected repetitively and the system is resolved,

particular points of slip-force dependence will be

obtained. The ‘‘working diagram’’ of the anchoring

area is defined by a line connecting these points.

The suggested analytical solution, if it is used in its

full form, can lead to a considerably large system of

equations and, therefore, is primarily intended for the

automation of their solution utilising software tools.

Simplification of the calculation can be carried out in a

number of ways which have a different effect on the

accuracy of the final solution. It is always necessary to

Materials and Structures (2016) 49:1337–1350 1343



choose a method of calculation which is able to predict

real behaviour with the sufficient accuracy.

3.3 Determination of the stiffness parameters

of individual components

It is necessary to determine the stiffness parameters of

each of the individual components of the anchoring

system before drawing up the global matrix—i.e. the

surrounding concrete, the anchoring elements, the

reinforcement and the interface between the anchored

reinforcement and the anchoring element. The calcu-

lation of the stiffness parameters of the surrounding

concrete and the interface will be briefly shown in the

following text. The stiffness parameter calculations

for the reinforcement and anchor are based on well-

known basic elasticity equations and their subsequent

implementation, and thus will not be shown.

3.3.1 The interface between the reinforcement

and anchoring element

The constitutive law describing the behaviour of the

interface between the anchored reinforcement and the

anchoring element (i.e. the dependence of bond stress

on the slip in the interface; the bond-slip model—see

e.g. [23]) is strongly subject to the type of anchored

reinforcement (modulus of elasticity, type of coating,

etc.) and the material from which the anchors are

made. The presented equations describing the inter-

face behaviour are based on data obtained from the

experimental part of the development of the anchor.

All tested types of anchors have brittle behaviour (see

Fig. 6). The constitutive law is usually composed of

two branches. The first increasing branch (a linear, bi-

linear or nonlinear relationship can be assumed); the

second branch describes the softening behaviour of the

interface after reaching the peak of bond stress, and it

can be assumed to be linear.

According to the data obtained from experiments,

only the linear relationship in the increasing branch is

sufficient to accurately describe the interface be-

haviour for anchoring elements shorter than 70 mm

(see Fig. 6). It is convenient to use the bi-linear path in

the increasing branch for greater anchoring lengths.

The performed experimental tests indicate the

direct dependence of the derived constitutive law on

the length of the anchoring element. Longer anchors

show a lower stiffness than shorter ones, i.e. for the

same slip a higher bond stress value is reached for

shorter anchors than for longer anchors (see Fig. 6).

The failure of anchors shorter than 30 mm occurs

suddenly without visible deformation. For the depen-

dence of the interface stiffness on the length of the

anchor element and also on the level of anchored force

see Fig. 7.

Fig. 6 The dependence of the bond stress and bond slip for different anchor lengths (for all lengths Dk = 40 mm, with no influence

from the element’s edge)
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3.3.2 The surrounding concrete

The approach used for determining the concrete

stiffness in the anchor’s head is based on the descrip-

tion of the interaction of the anchor head with the

surrounding concrete, which is simplified via the

effect of springs added directly below the anchor’s

head and the effect of shear spreading to the

surroundings of the anchor’s head (a modification of

Pasternak’s subsoil principle [11]).

Concrete behaviour is described by the bilinear

constitutive law (according to [5]), which is used to

calculate the stiffness parameters of the surrounding

concrete.

The stiffness of concrete in the head of anchor Kc,i

is derived as the sum of the stiffness of concrete

directly in the head of anchor Kw
c;i (which is considered

to have a constant value over the entire area) and the

contribution of the surrounding concrete in the effec-

tive area of shear spreading KP
c;i, which is considered

as a spring acting on the circumference of the anchor

head (see Fig. 8).

Figure 8 shows the assumed behaviour of the

surrounding concrete in the case of the first anchor

(or if Sv[ 2Dk; see Fig. 8a) and also in the case if the

distance between the anchors is lower than 2Dk

(Sv\ 2Dk; see Fig. 8b). The presented limit value of

distance 2Dk is derived from the performed numerical

simulations of the behaviour of the surrounding

concrete. The deformation of the surrounding concrete

caused by shear spreading is insignificant after the

above-mentioned distance.

The deformation curve describing the shear spread-

ing can be written (based on the equations presented in

[11]) using the following equations (the origin of the

coordinate is assumed to be in the centroid of the

anchor’s head):

uc;iðxÞ ¼ u0
c;i � e�

x�D=2
S ; ð10Þ

where S is the constant of damping, which must be

derived for each different combination of concrete

class and anchor diameter, u0
c;i the deformation at the

beginning of the shear spreading deformation curve,

Fig. 7 The relation

between the bond stress, the

bond slip and also the

influence of anchor length;

the values are valid for

anchors not influenced by

the element’s edge
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and x the distance of the coordinate from the beginning

of the coordinate system.

For the calculation of the stiffness parameters of

the surrounding concrete KP
c;i the integration of

Eq. (10) must be performed. The following Eq. (11)

is derived for the case of an anchor acting uninfluenced

by the member’s edge (integration of the Eq. (10) at

interval\0; 2p[); also, the depth of the deformation

area Hi below the anchor’s head is assumed to be

constant.

KP
c;i ¼ p � Dk;i �

EðecÞ
Hi

� S � �e
Dk;i�2x

2S

h ix2

x1

¼ p � Dk;i �
EðecÞ

Hi

� S � �e
Dk;i�2x2

2S þ 1
� �

: ð11Þ

The stiffness of the concrete in the head of anchor

Kw
c;I can be calculated using this well-known equation

Kw
c;i ¼

EðecÞ � Ak;i

si

; ð12Þ

which is usable for the first anchor element or if the

distance between the anchors si is greater than or equal

to 2Dk. In case of si\ 2Dk is necessary to modify the

above-mentioned Eq. (12) into the following form:

Kw
c;i ¼

EðecÞ � Ak;i

2Dk;i
� 1� 2Dk;i � si

2Dk;i

� �
: ð13Þ

3.4 Solution of an anchoring area influenced

by a concrete member’s edge

If the anchoring area is placed near to the edge of a

concrete member, it is clear that the calculation cannot

be performed with all of the assumptions valid for an

Fig. 8 Idealization of the

behaviour of concrete under

the anchor’s head
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anchoring system placed in a continuum of concrete

without the influence of cover, and must be modified.

However, it is only possible to modify the constitutive

relationship describing the behaviour of concrete.

Thus, the influence of the edge can be taken into

account by calculating the different stiffness by

modifying the limits of integration according to

Eq. (10). These stiffness parameters are consequently

inserted into the calculation, which is not different

from the previous one.

The part of an anchoring area close to the member’s

edge does not allow the full dissipation of the deforma-

tion below the head of the solved anchor. Therefore, the

calculated values of the stiffness parameters KP
c;i close to

the edge will be lower (see Fig. 9; KP1
c;i and KP2

c;i below

and above the solved anchor axis; KP2
c;i \KP1

c;i ).

Due to the assumption of the uniform distribution of

the stress directly below the anchor’s head it is clear

that the centroid of the stiffness spring system is

shifted from the axis of the anchored reinforcement

(eccentricity r is created). Therefore, the anchoring

area is loaded by the combination of normal force and

moment action. The acting moment increases the

deformation of concrete in the head of anchor uc and

also reduces the bearing capacity of the anchoring

system. Therefore, it is necessary to include coeffi-

cient a [see Eq. (9)], which takes the influence of the

edge into account.

The coefficient a can be written in the form:

a ¼ 1þ k � r � u

W
; ð14Þ

where r is the eccentricity caused by different stiffness

parameters, u the perimeter of the critical section

where the moment is acting, W the plastic section

modulus of the critical section, and k the influence of

shear in the critical section. The value of coefficient

k must be obtained from experiments (k B 1.0; in the

absence of the exact values it can be considered equal

to 1.0).

4 Solution results

The functionality of the anchoring system for

prestressing reinforcement has been verified through

a series of pull-out tests. Different anchoring element

lengths were tested–anchor lengths of 40, 50 and

70 mm were tested as a ‘‘single anchor element’’, and

an anchoring element with a length of 30 mm was

tested in series (two elements in the anchoring area).

14 mm diameter GFRP bars and surrounding con-

crete of type C30/37 were used for all tested

configurations of the anchoring area. The ex-

periments carried out on anchoring elements showed

the high efficiency of the system. The configuration

of the pull-out tests and also the parameters of

materials were presented in full in previous papers

(see e.g. [18]) and it will not be mentioned in this

paper. However, the results obtained from pull-out

tests are used for comparison with the results from

analytical solution.

As an inseparable part of the development and

consequent verification of the anchor, numerical

simulations of the anchoring area were also per-

formed. Numerical simulations were carried out in

ATENA FEM software (Červenka Consulting; [3, 4]).

The results obtained from the above-mentioned

analytical and numerical solution are displayed in the

form of a ‘‘working diagram’’ (depicting the relation

between the applied force and bond slip) of the

anchoring area. It is very useful for anchoring area

design, as it enables the design of an anchoring area

both in terms of determining the maximum loading

capacity and also in terms of the calculation of the slip

caused by the applied force.

An example of an evaluation of the obtained results

is shown in Figs. 10, 11. Figure 10 compares the load

curve gained from nonlinear calculations in ATENA

software with a ‘‘working diagram’’ of the anchoring

area obtained from the solution of derived analytical

equations (for the number of reference points on the

anchor n = 3) and also data from load tests performed

on real specimens. Their anchoring areas are eachFig. 9 The influence of the different stiffnesses of the springs
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implemented using a single anchoring element with a

length of 70, 50, or 40 mmwithout the influence of the

member’s edge.

Figure 11 shows the results obtained from the

analytical and numerical solution and also load testing

data for an anchoring element with edge influence.

Fig. 10 Comparison of

results obtained from

experiments, numerical and

analytical solutions for

anchoring elements without

edge influence

Fig. 11 Comparison of

results obtained from

experiments, numerical and

analytical solutions for

anchoring elements with

edge influence (cover

thickness 0 mm)
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The anchor element is 40 mm long with a diameter of

40 mm and a cover thickness of 0 mm.

Significant scatter of results can be observed

especially for specimens with influence of edge (see

Fig. 11, black lines). It has been caused mainly by the

manner in which specimen fails. The failure of

specimens with influence of edge, which exhibit

considerable dispersion of the obtained values, occurs

by splitting of concrete cover.

There is good correlation between the analytical

solutions and the numerical model in determining the

maximum force imposed at the failure of the anchor-

ing area. Moreover, better fitting values are provided

by the analytical solutions than by the numerical

calculation (see Fig. 10). When calculating the slip in

the anchor head, however, the analytical model (and

also the numerical solutions in ATENA FEM soft-

ware) has lower stiffness (gives higher values of slip)

compared to the experiment—it is evident from

Figs. 10, 11. This is caused by the given assumptions

of the numerical and analytical calculations. The

cohesion between anchor’s surface and surrounding

concrete and also the cohesion between the end of

anchor and concrete has been neglected. These

assumptions have been taken into account for both

of these. This is the main reason for softer behaviour of

calculated curves in comparison with the test results.

5 Conclusion

Derived analytical equations can predict with a high

degree of accuracy the behaviour of an anchoring area

with or without the influence of boundary conditions

mainly in terms of bearing capacity. However, they are

very sensitive to input constitutive equations describ-

ing the behaviour of implicated materials. It is

therefore necessary to standardize mainly the raw

materials and manufacturing techniques used to pro-

duce anchoring elements, as they have a significant

impact on the behaviour of the interface between the

anchoring element and the anchored reinforcement.

The calculation method described in the article gives

conservative results. It provides almost the same level

of bearing capacity as results obtained from ex-

periments, but with a higher degree of deformation

(i.e. lower anchoring area stiffness).

The theory described in the article can (with the

application of appropriate constitutive equations

describing the behaviour of basic materials) be used

for the design of elements from all known types of

FRP reinforcement, and it is not limited by the

characteristics of the surrounding concrete. It can

simply take into account the effect of boundary

conditions when the effect of moment loading in the

anchoring area leads to a reduction in the resistance of

(and to increasing losses in) the anchoring area. In

addition, it is expected from the beginning of the

development that the solution of the analytical rela-

tions will be automated, thus the development of a

special software tool for anchoring area design is also

being conducted.
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sidade do Minho, Guimarães, Portugal, p 67. ISBN:

978-972-8692-84-1

Materials and Structures (2016) 49:1337–1350 1349

http://dx.doi.org/10.1061/(ASCE)1090-0268(2007)11:5(469)
http://dx.doi.org/10.1061/(ASCE)1090-0268(2007)11:5(469)


10. Karbhari VM (1998) Use of composite materials in civil

infrastructure in Japan. International Technology Research

Institute, Word Technology Division, Baltimore
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