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(ABSTRACT) 

A detailed study of the feasibility of anchoring fiber reinforced plastic wires for civil 

engineering applications is presented. An experimental investigation using tensile testing 

machines is performed, testing anchorages of 1, 7 and 19 wires. Conventional strain gage 

and acoustic emission measurement techniques are used. The tests are essential in 

determining the failure load and failure mode. However, the experimental data alone do 

not provide enough information about the behavior of the anchorage to be used 

exclusively in the design process. The results are used to modify the design of the 

anchorage system. It is shown that for a successful anchorage system the choice of 

material for the load transfer medium is crucial. A solution is presented to overcome the 

high stress concentration at the load entry area of the wire into the anchor. 

A finite element analysis of the anchors for 1 and for 19 wires is used to assess the 

stress and strain fields inside the anchor, to validate the analytical model, and to 

determine locations of possible high stress concentrations. Three-dimensional and one- 

dimensional models, that utilize axisymmetry, are evaluated. The results of the numerical 

analysis are used to demonstrate the improvement as a result of a change in material 

choice or design of the anchor. It is shown that the modification of the load transfer 

medium results in a decrease of 30 % of the average stress level.



In the analytical investigation, several common models are introduced that describe 

the fiber pullout behavior. Based on a recent treatment by C. H. Hsueh, a model is 

developed that describes the anchorage of a wire in a conical shaped socket using 

orthotropic materials. This model includes boundary conditions that are similar to the 

ones observed in the experiments. A parametric study is performed to obtain information 

on the ideal geometry of the anchor system. 

The results and predictions of the applied techniques, i. e. analytical description, 

finite element method and experimental investigation, are compared and contrasted. 

Based on the analytical, numerical and experimental results, recommendations for 

improving the design of the anchor system are made. 

Subsequently, a modified anchor system is proposed that utilizes the properties of a 

load transfer medium that has a variable stiffness. The inclusion of a pure resin collar 

and supporting wires is suggested. For a successful completion of this project, ideas are 

proposed and suggestions made for future work.
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CHAPTER 1. INTRODUCTION 

1.1 Introduction 

High-performance fiber reinforced plastics have proven their worth as outstanding 

engineering materials over the past few decades. The superior strength-to-weight and 

stiffness-to-weight ratios are two of the specific features used by engineers today to 

improve standard designs in the aerospace applications and to develop new structures that 

would not be feasible with conventional metals. The cost of high performance 

composites, however, has limited their application to the above mentioned industries. 

The rapidly changing market with falling prices is leading now to an opening of other 

industries for composite materials. Civil engineering applications often demand 

structures with high stiffness and low weight or even high strength and low weight. 

These applications are ideally suited to the use of modern composites. Several public 

buildings around the world already use composite parts for experimental reasons. One 

application is the replacement of steel cables for post tensioning by glass tendons. An 

additional characteristic of composites is their excellent behavior in an aggressive 

chemical environment such as salt water, exhaust stacks, or even chemical plants. 

A more challenging proposition is where the limit of a standard application can be 

extended dramatically. Today the span of bridges, for example, is limited by their self- 

weight. Another example is the anchorage of off-shore oil platforms. The maximum 

achievable depth of anchorage is determined by the strength-to-weight ratio of the steel 

cables used. Additionally, the problem of stress corrosion cracking has to be considered. 

The use of fiber reinforced plastics can extend the design for massive constructions where 

the strength-to-weight ratio is an important and limiting factor. 

Fiber reinforced materials have excellent mechanical properties in the direction of 

the fibers. The performance of unidirectional composite materials is far superior to 

conventional metals; however, the behavior of unidirectional composites perpendicular to 

the fiber orientation is not completely satisfactory. The material is sensitive to any 

stresses or impact loading not acting in the fiber direction. In general, this shortcoming is



overcome by stacking lamina with different fiber orientations. This leads to a small 

reduction in performance in the direction of the main axis but increases the performance 

in all other directions. 

An ideal application of fiber reinforced plastics is as wires where there is no, or 

limited, loading or impact perpendicular to the wire axis. A wire is defined as an 

homogeneous isotropic filament or a composite of unidirectional aligned filaments, 

whereas a cable is a twisted composite of filaments. These wires are used for cable- 

stayed bridges, off-shore anchors for oil production platforms, or for pre-tensioning of 

bridge boxes. The outstanding strength-to-weight ratio, the excellent resistance to 

aggressive environments, and the outstanding fatigue performance are essential properties 

for the above described applications. 

In 1984, Meier [! showed in a feasibility study that it is possible to connect Europe 

and Africa with a cable-stayed bridge at the strait of Gibraltar using composite materials. 

Such bridges, with a main span in the range of 6000 to 8000 meters, are at present beyond 

the limits of steel construction. The following will show some of the specific advantages 

of carbon fiber reinforced plastic (CFRP), particularly for the application described 

above. 

The high strength-to-weight ratio of CFRP leads to a specific strength 10 to 15 times 

higher than the specific strength of steel. A high safety factor will reduce this advantage 

but does not eliminate it. The safety factor is determined by the statistical distribution of 

the failure load. The standard deviation is large for a brittle material, i.e. a single carbon 

filament, and therefore a high safety factor is required. In a composite carbon fiber wire, 

the matrix system helps to transfer the load from a broken filament to the undamaged 

filaments. This results in a reduction of the standard deviation of the failure load and 

consequently leads to a smaller safety factor. The geometry of the anchor leads to areas 

of high stress concentrations. The standard deviation of the failure load increases due to 

the geometry; thus a high safety factor has to be used in designing anchors. Another 

measurement of performance of the material is its equivalent modulus. A tensile load 

applied to a horizontally as well as vertically spanned cable/wire leads to an elongation 

that consists of the straightening of the cable/wire and of the straining of the cable/wire 

material. The ratio of the applied load and the observed elongation of the cable/wire is



called equivalent modulus. A high equivalent modulus combined with a low mass 

density is an advantage that becomes even more apparent with increasing length of the 

horizontal span. The salty environment of bridges demands a material that is highly 

corrosion resistant. CFRP is known for its excellent corrosion resistance, and exceeds by 

far the performance of metals in an aggressive environment. Thermal expansion is 

another point in favor of CFRP. Large thermal fluctuations might lead to thermal 

residual stresses that are not negligible in structures as large as bridges. Along the 

principle fiber axis, carbon fibers have a thermal expansion coefficient of practically zero. 

All the advantages described above indicate the superiority of unidirectional 

composite fiber wires in bridge applications. The sensitivity of unidirectional fiber 

reinforced material toward loads or impact in a direction other than the fiber direction, 

however, leads to the basic problem of connecting the wires to the structure. 

For commonly used steel cables there is a basic understanding of the mechanics of 

the connection. This understanding is based on experience. It is surprising how little 

numerical or analytical work has been done in order to understand and describe the stress 

distributions in anchors. Basic pull-out models have been developed in the past by Cox 

[2], Lawrence [3], and Takaku and Arridge [4]. At the present, there exists a mode! 

developed by Hsueh [5-10] that tries to consider all the boundary conditions. However, 

this model is still limited to isotropic materials and cylindrically shaped anchors. 

Extensive experimental work on anchoring composite fiber wires has been 

performed at the Swiss Federal Laboratories for Material Testing (EMPA) in Duebendorf, 

Switzerland and at the Institute for Fiber Reinforced Plastics (IVW) in Kaiserslautern, 

Germany. The work performed in Germany [!!] describes the anchorage of twisted 

composite cables, whereas the work done in Switzerland deals with unidirectional wires. 

1.2 Objective 

A search for available information describing numerically, analytically or 

experimentally the anchorage of fiber reinforced plastic wires indicates that there is little 

information available. Some preliminary experiments have been performed at the EMPA 

in Duebendorf with the anchorage of 1 and 7 wires. There is no analytical solution



available that describes the stress and strain fields for anchoring orthotropic materials. 

Hsueh |9-!9] describes the stress and strain field for a single isotropic wire anchored in an 

isotropic matrix, which improves the solution of older models by including more 

boundary conditions and by using fewer simplifications. Numerical studies describing 

the anchor have not been found. 

The objective of this study is to develop an anchorage system that is capable of 

transferring the full load capacity of the anchored wires. That includes the development 

of an analytical closed-form solution describing the load transfer from a single 

orthotropic wire to an orthotropic anchor with variable conical shape, the numerical 

evaluation of the design using finite element methods, and the performance of 

experiments. The goal is to have a design of an anchorage system that is suitable for 

production in industry, that is cost effective, and that satisfies the technical demands for 

efficient load transfer. 

1.3 Approach 

In the present study, different designs of the anchor (or socket) are evaluated. The 

socket has to fulfill not only the technical requirements but also the various aspects of 

production. Several methods of production are evaluated. The socket is tested to 

determine its mechanical performance. An analytical model is developed to describe the 

mechanical behavior of the socket. The model is based on the fiber pull-out mechanism 

as described by Hsueh 9-10], An FEM analysis is performed to compare the experimental 

and the analytical results with a numerical method. 

1.4 Dissertation Outline 

In Chapter 2, the different analytical models describing fiber pull-out are introduced. 

A model describing stress and strain fields in conical anchors for orthotropic material is 

developed and a parametric study is performed. Additionally, an insight into strength 

considerations is presented. Chapter 3 describes the evaluation of a design and elucidates



the requirements for an effective anchor. In Chapter 4, experiments performed at the 

EMPA in Duebendorf are described and the results are presented. The anchorage of 7 

wires as well as the anchorage of 19 wires are explained. The development of models for 

numerical methods and the obtained results are shown and explained in Chapter 5. In 

Chapter 6, the obtained results from the experiments and the numerical and analytical 

analyses are compared. General trends are shown for the behavior of anchors of the 

given design. Finally, Chapter 7 contains conclusions and identifies topics for further 

study.



CHAPTER 2. MECHANICS OF THE ANCHOR PROBLEM 

2.1 #£Introduction 

The formulation of a closed-form solution to the anchor problem of orthotropic wires 

causes several difficulties. The stress and strain fields are three-dimensional and they also 

include points of singularities. In addition, the geometry of the anchor determines the 

boundary conditions. The system of equations can not be simplified if the geometry, 

where the boundary conditions are applied, is not aligned with the coordinate system used. 

In order to handle the mathematical equations that describe the mechanics of the anchor, 

simplifying assumptions must be made. To validate these assumptions it is important to 

understand the physics of the load transfer inside the anchor. 

The complex problem of anchoring wires can be prepared for a qualitative description 

by following the ideas of Cox !?!, Lawrence [3], and Takaku and Arridge [4]. The basis of 

understanding load transfer was presented by Cox [2] in 1952. He addressed the issue of 

how the fiber orientation in paper influences the stiffness of the paper. However, the fibers 

were completely embedded in the surrounding matrix. To express the load transfer,Cox 

developed a shear lag model. Lawrence [3], in 1972, described a single fiber pull-out 

mechanism by using the similarity between a single fiber pull-out system and a shear panel. 

One year later, Takaku and Arrigde !*] described the problem of a single fiber pull-out 

using a modified shear lag model. 

The above models give a good example of the load transfer for single fiber pull-out. 

They describe a one-dimensional, isotropic problem, including an isotropic single fiber 

embedded in an isotropic matrix. However, it should be noted that several assumptions 

needed to be introduced in order to solve the mathematical system of equations. 

In 1988 and later Hsueh [5-19] developed a closed-form solution describing the 3- 

dimensional stress and strain distribution for an isotropic single fiber pull-out model. 

Again, to solve the mathematics, several assumptions and simplifications had to be made.



The approach developed in this chapter to describe the stress and strain fields of an 

orthotropic wire anchored in an orthotropic matrix is partially based on the mathematics in 

Hsueh's papers. 

2.2 Description Of Load Transfer 

2.2.1 Shear Lag Model by H. L. Cox 

In his paper "The Elasticity and Strength of Paper and Other Fibrous Materials", Cox 

[2] investigated the influence of fiber orientation and fiber length on the stiffness matrix of 

paper. Due to the fact that the fiber distribution in paper can not be considered as 

homogeneous, it is important to know how the load is being transferred from one fiber to 

the other. 

Based on the assumptions that the isotropic fiber is embedded in a continuous solid 

matrix, the matrix as a whole is strained homogeneously, the matrix-fiber interface is an 

ideal bond, and the axial stress in the fiber is zero at its endpoints, Cox states that the 

transfer of load from the fiber to the matrix and vice versa is a function of strain. The 

gradient of the load, the shear, is assumed to be a function of the displacement u in fiber 

direction at a distance x from the end of the fiber and of the "virtual" displacement v of the 

matrix at the same position x with absent fiber, 

dP HH (y- ot =H (u-y) (2.1) 

where P is the load in the fiber and H is a shear distribution constant, see Figure 2.1. 

  

       
constant strain 

Fig. 2.1 Geometry and notation of fiber pull-out model by Cox



Combining equation (2.1) with the stress-strain relation leads to the governing 

differential equation, 

  ?P_y (F_- e] (2.2) 

where e is the constant strain of the matrix, A is the cross-sectional area of the fiber and E 

is the Young's modulus. Using a trigonometric solution and the boundary condition that 

the load has to be fully transferred at the end points of the fiber yields the following load 

distribution 

P=AEe| 1 (2.3) 

  

_ cosh B (1/2 - a 

cosh B (1/2) 

where | is the length of the fiber and B is the square root of (H/EA). Assuming fibers with 

a circular cross-section and with a radius of ro and also assuming that the fibers are 

separated from each other by a mean distance of r; yields the shear distribution constant H 

H=27rG—! (2.4) 
" log{t) 

  

where G is the shear modulus of the matrix. 

Cox draws the conclusion that the load transfer from fiber to fiber reduces the effective 

modulus of the composite, in this case paper. The reduction in modulus is negligible if the 

fiber length is larger then 100 times the fiber diameter. Figure 2.2 shows the effective 

modulus (E*) as a function of the radius ratio (11/rp) and the embedded length ratio (1/19). 

The conclusion is based on the assumption that the fibers are totally embedded and 

relatively short; therefore, his results can not be used directly for solving the problem of 

load transfer in anchors. However, his investigation gives an insight into how the load 

transfer distribution evolves and by what it is determined. In addition, his shear-lag model 

is extensively used later on by other scientists.



  
Fig. 2.2 Effective modulus as a function of fiber separation and embedded length 

2.2.2 Single Fiber Pull-Out Model by Lawrence 

Lawrence [3] developed a fiber pull-out model where the fiber is partially embedded in 

an isotropic matrix. The embedded length is half of the fiber length as shown in Figure 

2.3. The bonding is assumed to be perfect and infinitely thin. The same shear-lag model is 

used as described by Cox. The shear is a function of the displacement u of the fiber at a 

distance x from the embedded end of the fiber, and of the virtual displacement v of the 

matrix at the same position in absence of the fiber, so that 

t= K (u-v) (2.5) 

where K is the shear distribution coefficient. The load gradient is related to the shear stress 

as 

dP C(x) (2.6) 

where C is a geometric constant, including the circumference of the fiber. Combining 

equations (2.5) and (2.6) leads to the governing differential equation



  oF =Hp(t-1 2.7 
Ags AmEm 2-7) 

where H is the product of C and K. The boundary conditions are given by the assumption 

that the load must be fully transferred from the fiber to the matrix at the embedded end of 

the fiber, and that the load in the fiber is equal to the applied load at the entrance of the fiber 

to the matrix. The solution of the differential equation is given by 

P = Pay Sin WAX (2.8) 
; al sinh 5 

h =CKR d R= (E -_1_ 2.9 where a an AE (2.9) 

The shear stress distribution can be obtained by combining equations (2.1) and (2.8) and 

integrating the result. This leads to 

t= K Pap R cosh vax (2.10) 

va sinh ya 

Further on, Lawrence determines the maximum shear stress and its location. He also 

develops relationships between the embedded length of the fiber and the load and shear 

stress distribution. Finally he expresses the pull-out stress in terms of embedded fiber 

length and maximum shear strength. 

V2 
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Fig. 2.3 Geometry of pull-out model by Lawrence 
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By using different boundary conditions, Lawrence modified the load transfer model by 

Cox to describe the behavior of a partially embedded fiber. He still uses the same 

assumptions as Cox, that the fiber and the matrix are isotropic homogeneous, and that the 

bonding is infinitely thin and perfect. The model can be considered as one-dimensional 

because it neglects the effect of Poisson contraction and the radial and tangential stresses. 

2.2.3 Modified Shear-Lag Model by Takaku and Arridge 

In 1973, Takaku and Arridge !4! performed extensive research on the fiber pull-out 

mechanism of a stainless steel wire that is embedded in an epoxy matrix, see Figure 2.4. 

In the analytical part of their work, they also developed expressions to describe the 

distribution of stresses in the fiber and at the fiber-matrix interface. The basic difference to 

the previous described model is the shear lag assumption they used. Now, the shear stress 

distribution along the fiber-matrix interface is a function of the axial displacement u of the 

fiber only. Following similar steps to those in Lawrence's paper, the axial stress 

distribution in the fiber can be expressed as 

sinh (a x) 
ap| ———;-—_— 2.11 

Corl inh (a 1) 2.11) 

where Q=,/ (2H 

and H is defined as in Cox's paper. The shear stress 1s 

Of= 

1 = Gap 1 SOSH (OX) (2.12) 

Oapl 

  

Fig. 2.4 Geometry of pull-out model by Takaku and Arridge 
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Comparing the two models by Takaku and Arridge and by Lawrence shows that the 

difference in the stress distribution is in the coefficients o& and a. The coefficient a used by 

Lawrence can be expressed by the coefficient & multiplied with an additional term 

=o? (1 - 2 &r) . a= 0° Et (2.13) 

This indicates that both models will predict the same distribution of load if the ratio of the 

fiber and matrix radii and the ratio of the Young's moduli is large. Takaku and Arridge 

realized by comparing the experimental and analytical results that the Poisson effect can not 

be neglected for predicting debonding and fiber pull-out. 

2.3 Strength Considerations 

The strength properties of the materials used play an essential role in the design of an 

anchorage system. The strength of unidirectional composite under multi-directional load 

needs special consideration. It determines the stress-dependent limit of the maximum 

applicable load. It is possible to raise the maximum shear strength with increasing radial 

stress in the anchor. The radial stress, however, has to be lower than the compressive 

strength. Herrmann [!2] and Hoffman [!3] presented a failure criteria for unidirectional 

glass fiber composites that showed the dependency between the maximum compressive 

strength and the maximum shear strength, see Figure 2.5. 
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Fig. 2.5 Failure criteria by Herrmann and Hoffman 
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Polymeric material itself shows similar behavior under high compressive loading. 

Rabinowitz |!4] has given a figure that describes the maximum shear strength of PMMA as 

a function of the applied maximum normal stress, see Fig. 2.6. This specific behavior can 

be used to increase the maximum shear strength, and therefore to also increase the 

maximum applicable axial stress. 
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Fig. 2.6 Failure loads for PMMA by Rabinowitz 

In 1990, Rackwitz [15] presented a paper discussing the maximum load capacity of 

parallel wire bundles based on statistical considerations. Assuming that the single wire 

behaves ideal elastic and brittle the strength is ideally distributed. For a large number of 

combined wires, the strength follows an asymptotic normal distribution. Rackwitz has 

shown that the maximum failure strength of wires in a compound is less than that of single 

wire bundles. It is pointed out that the maximum strength of large single wire bundles is a 

deterministic number equivalent to 94% of the strength of a single wire. If the bundle is 

very long, the strength has to be reduced by another 10% [15]. In addition, the fatigue 

behavior is shown to be very poor. The reason is the increase in stress due to progressive 

failure of single wires. In the section describing the experiments, Chapter 4, it is 

demonstrated that an excellent static behavior of the anchor does not necessarily imply a 

good fatigue behavior. 

13



2.4 Simple Orthotropic Model 

2.4.1 Geometry and Assumptions 

A transversely isotropic wire with radius a is located at the center of a coaxial 

cylindrical shell of a transversely isotropic matrix with an outer radius b and a length of t. 

The coordinates are r and z, see Fig. 2.7. For both, the wire and the matrix, the main 

direction of elasticity is coincident with the axis of evolution for the given geometry. The 

Wire is subjected to an applied axial stress Oo at one end of the specimen (at z=t) and the 

stress transfers from the wire to the matrix through the interfacial shear stress 7. 

  

  

  

[fb 
=b 

Fig. 2.7 Schematic drawing of the geometry and the used coordinate system 

The following basic assumptions have been made: the problem is linear elastic, the 

bonding is ideal, the radial displacement v is negligible compared to the axial displacement 

u and the axial stress gradient is a function only of the axial position z. The analytical 

development follows a procedure for isotropic fiber pull-out described by Hsueh 1-19], 

The same steps are performed, but modified to satisfy the conditions for transversely 

isotropic materials. 

2.4.2 Mathematical Development 

Equilibrium Equations 

For an axisymmetric geometry, which has the cylindrical polar coordinates r, 8, and z, 

the general equilibrium equations for a homogeneous medium are given by 

14



OT, 1 te , Oty Tr - Teo 

  

or 699 Bp 4-28 4F = 0, (2.14) 

Org +1 Weg + Oey +27, +F, =0, (2.15) 
o 99 oz ¢ 

OT, 1% Mey le ap =0 (2.16) 
or 99 «oz «Ct 

where F,, Fe, and F, are the body forces that can be neglected. 

Introducing the engineering constants: E>, Ej = Young's moduli for tension in the 

plane of isotropy and in a direction normal to it, v2 = Poisson's ratio characterizing 

transverse contraction in the plane of isotropy when tension is applied in this plane, vj = 

the same when tension is applied in a direction normal to the plane of isotropy, G2, G; = 

shear moduli for the plane of isotropy and any plane perpendicular to it, the stress-strain 

relations for a linear elastic, transtropic body, assuming small displacements, are given by 

] Cx = — = -—|0,; + Oo] + =- Oy, 2.17 > Et al E, (2.17) 

en = t= 1 io,-vi6)- Yo (2.18) 
dr EB” , 

1M ul. - Mi eo = 5 +7 = plo V2 O;| E, Oz, (2.19) 

and 

t= 1/4 (2.20) 
(l4vi)2\3, dz 

where u, v and w are the radial, tangential, and axial displacement field respectively. For 

the given geometry, symmetry demands that the gradient in 8 is zero, i.e. —=0. 
08 

Therefore, equations (2.14), (2.15), (2.16), and (2.19) can be simplified. 
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Shear Stress Distribution 

Wire 

Integrating the simplified equation (2.16) 

06, 1 WT.) _ 6 (2.21) 
oz | or 

over the cross-section of the wire and then dividing by its cross-sectional area yield 

  
do, 

a Pele (2.22) 
zZ 

where 6; is the average value of 6, over the cross-section of the wire. The stress transfer 

between the wire and the matrix is dictated by equation (2.22), which has been used 

extensively in the shear lag model. 

The fundamental assumption in deriving the shear stress distribution in the wire 1s to 

assume that the axial stress gradient in the fiber is a function only of z, such that 

00; 5 = g(z) (2.23) 
Z 

  

Substituting eqn. (2.23) into eqn. (2.21), 

  

  

1 Arr) — const, = - 2% = gz) (2.24) 
or OZ 

rt,=c¢,r +c, (2.25) 

for r=O -> c,=0 (2.26) 

forr=a -> c= Cala (2.27) 

the solution of T,, subjected to the boundary condition that T =O at r=0Oand that tT = 7 

atr=a yields the radial dependence of the shear stress in the wire (tr ), 

t= rE, (2.28) 

16



Matrix 

To derive the shear stress distribution in the matrix, the axial stress gradient in the 

matrix is also assumed to be a function of z, such that 

oor 

OZ 
= f(z). (2.29)   

Combining equation (2.29) and equation (2.21), the solution of t, subjected to the free 

surface boundary condition at r= b, gives 

w= (BE 1). (2.30) 

Combining equation (2.30) for r=a with equation (2.29) yields 

oz 

  = [74] 1; (2.31) 

Combining equation (2.31) with itself but replacing r with a (i.e. Tz -> T;) leads to 

ws — ae (be -1| (2.32) 

which satisfies continuity of the shear stress at the interface (i.e. H=T=T at r=a) as 

well as the free surface condition (i.e. T=0 at r=b). 

Since the loading is in the axial direction, the radial displacement is negligible 

compared with the axial displacement. Because of symmetry the tangential displacement is 

zero. Ignoring the radial and the tangential displacements in the stress displacement 

relations, the approximate radial dependence of the axial stress can be obtained from the 

radial dependence of the shear stress, equations (2.28) and (2.32). 

Governing Differential Equation 

Wire 

Adopting equation (2.28) for the shear stress distribution in the fiber and combining it 

with equation (2.20) yields 

17



EL ow r Ti rt — eo 2.33 
a 21+vi) oy (2.93) 

and integration leads to 

a7 Ei i- Ei y, - 2.34 
2a 2Al+v)) (wi - Wo) (2.34) 

and 

Ei 
= ——— (Wi - W 2.35 

a(1+ vi) ( ) (2.39) 

and 

Ejir Te = ——-—~ (wi - w 2.36 a? (1 + vi) ( 0) ( ) 

where the integration constant can be set to zero (offset) and w; and wo are the 

displacements at the interface (r=a) and at the center (r=0) respectively. 

Combining equation (2.35) with equation (2.22), using the relations for one 

dimensional uniaxial stress 

  
dw. dw of, =BSW  and of, = EW (2.37) 

and differentiating the result yields 

  ot _ (o], 7 of.) 

dz? a®(1 + vj) (2.38) 

where of], and oj, are the axial stresses in the fiber at r= a and r =O, respectively. 

Equation (2.38) , the governing differential equation, relates 6, (z) to oJ, and oJ, . 

The approximate radial dependence of the axial stress in the wire is obtained as follows. 

The axial displacement in the wire can be obtained from equations (2.36) and (2.20). 

Integrating the result leads to 

r* (wl; - who) 
Wrz 

qa? 
+ wy (2.39) 
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Substitution of w into equation (2.37) gives the approximate radial dependence of the axial 

stress in the wire 

of= Plot. old) +o], (2.40) 

Matrix 

For the matrix we follow a similar procedure to obtain the governing differential 

equation for o,.. Combining equations (2.32) and (2.20) 

  a—(be-r)q=— Et due (2.41) b’- a? \T ~ 2(l4+v?) dr 

and integration over the cross-sectional area of the matrix leads to 

  =; 8 (b? In(B) - boa") ¢, = Et - | = (b? nf) - Ps 2") 4 = 5 ay ("ts WL) + constL1(2) (2.42) 

Solving equation (2.42) for 7, inserting the result into equation (2.32), combining the 

obtained result again with equation (2.20), integrating the equation from a tor, and solving 

it for w™ with the boundary condition that for r=a w™ = w", yields 

pt 
(b? In(b) - 34 

(wi, - Wh) + wh, = w™ (2.43) 

Inserting equation (2.43) into equation (2.37) gives 

(b? in() - ==-24 
a 2 3 (Gd, - Gd,) + Gd, = O21) (2.44) 

[b? In(®) . b- a" 5 a | | 

It is noted that an inconsistency exists between equations (2.29) and (2.44). Equation 

(2.29) assumes that o7’ is a function of z whereas equation (2.44) indicates that o7' is a 

function of r and z. Theoretically, 67’ should be a function of r and z for the depicted stress 

transfer problem. However, sufficiently far from the loaded end, o;’ becomes independent 

of r (i.e. Saint-Venant’s Principle). That means that equation (2.44) satisfies the 

equilibrium only when the radial dependence of 67 is ignored. 
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Adopting equation (2.42), combining it with equation (2.22), taking the derivative wrt 

z , and using the relations (2.37) gives the governing differential equation for o} 

I 

06: | Oz, - Oh (2.45) 
dz> a? (1-vt) feo = In(®) - 1)   

Mechanical Equilibrium in the Shear Lag Model 

The average axial stress in the wire is 

a2 
Oo. = | rot dr (2.46) 

Substitution of equation (2.40) into equation (2.46) yields 

Gi = ht Ob Cy (2.47) Oz = 

Hence, oj, can be related to o; by combining equations (2.38) and (2.47) such that 

a? ( a(ievi) aot 
o'|,=0; - TZ (2.48) 

The mechanical equilibrium condition between the external applied stress 67 and the 

internal stress distribution in the composite is dictated by 

b 

ao, +2 | ror dr = a? 0? (2.49) 

Substitution of equation (2.44) into equation (2.49) gives 
- 

(b? - 2) {a? (0? - G2) - (b? - a”) o7f,} in(2) 2b | Or, = Gr, + 
(b* - a”) (3b? - a’) b? In(2} _{b ne 

  

  

(2.50)   
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The General Differential Equation Governing oc; 

Substituting equation (2.50) into equation (2.45), the general differential equation 

governing Oo, is given by 

  

= 3-02 +(b° - 1) 0%, 
oS ~ DLEVE) [3 “te b?- a) (2.91) 

era png) Oe 

Solution of 6; from equation (2.51) is contingent upon the determination of o%|, , which is 

dictated by the boundary conditions at the interface. Equation (2.38), which is an 

alternative differential equation governing 6), will be incorporated into equation (2.51) 

through the boundary conditions at the interface. 

Determination of o7|, for Bonded Interfaces 

Determination of 07], can be achieved by relating the tangential stress to the radial 

stress by using the exact equilibrium equation and satisfying the boundary conditions at the 

interface. 

Relation between stress components 

Combination of equations (2.18) and (2.19) yields 

  E2 Ou u V1 | 6G. = — + vz (4) + = (1402) 0, , 2.52 
1 - v3 | ar a(t) +p, Ova) | 292) 

E2 | du u\, V1 . O9 =—*+— | V2 — + (=) + — (14+V2) ©, 2.53)     
Substituting equations (2.52) and (2.53), which satisfy the exact stress-displacement 

relations, into equation (2.14) gives 
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au a y do ot 

E,} —— +2 (8)4 VL (14v.) =?) + (1-3) = 0 (2.54) 
; or? or tr Fi 2) or 4 Oz 

The relation between 6, and 6» can be obtained by applying equation (2.54) to the wire and 

the matrix as shown in the following. 

The wire 

. , 00; , , , ; 
Starting with the term 5 of equation (2.54) and the relation (2.37), solving equation 

r 

(2.33) for ow , and inserting the obtained results into (2.54) leads to 
or 

Or 
OZ 

2 

E} gu 9 (a) +| E22 vi (1+v4) (Lovie (L-v8) =0 (2.55) 
dr2 ar * E 

The solution of the differential equation (2.55), the radial displacement u! in the wire, is 

(1 + v5) (1 - v5) 2vi (1 + vi) + 

8a 

dt 3 
ES E| dz (2.56) 
  

    

uf = Ca4Cpr- 

where Cr, and Cr are constants of integration to be determined by the boundary conditions. 

At the interface are two sources of radial stresses, first the residual clamping stress Oo, , 

which results from the different shrinkage, and second the stress of due to Poisson's 

contraction of the wire in the radial direction when the wire is subjected to an axial tensile 

stress. The residual clamping stress is seldom measured and is usually assumed to be 

constant along the fiber length (and seems to be neglected in the calculations). 

Using the boundary condition that u‘ = 0 at r = 0, the solution for Cn becomes 

Cn =0 (2.57) 

Substituting equation (2.56) into equation (2.52), and adopting the boundary conditions 

that the radial stress in the fiber of = o” at r = a, the solution for Cp becomes 

      

_ {1 - v4) P,1 ia f\ (of f f tf 6\\ dt v/ 
Cp = = Ort garg 3 + VA)(E: (I Vi) + 2vi E2(1 + vi) ) Ei of, (2.58) 
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Substituting equations (2.57), (2.58) and (2.56) into equations (2.52) and (2.53), the 

relation between the radial and the tangential stresses in the wire, o! and o6 at r= a becomes 

off, =o? + 2 ELL - v2) + 2 vi Ea (1 + vi) dts (at r= a) (2.59) 

4 Ei dz 
  

Assuming plane strain conditions, Of = Of = Op is obtained for the fiber 

The matrix 

Using the same approach as before, combining equation (2.44) with equation (2.50), 

substituting the result for o, and substituting equation (2.32) for tT in equation (2.54) 

leads to: 

un = Gal + Cap r+ Sos |p? (t - Inf) +o (2.60) 

where the constant Cy3 1S 

  

20% vi(1+v8) {oth (a? - b’) - a?{ot - o%)} —-.___a_{yj- a Crs = ep vF)— E® b? fo? info) 0°26 vl (2.61) 

a 4b? 

Cm and Cm2 are constants to be determined by the boundary conditions. Substituting 

equation (2.60) into equation (2.52), and adopting the boundary condition that o;" = O at r= 

b (i.e. free surface condition) and o7 = of at r= a, the solutions of Cm and Cy are 

  

    

Coy = 2b" 2.62 
(a? - b?) 2-02) 

(1+v2) p vil (1+v2), - C3 | (a? - b*) (3+v2) 2 b a) 
3 of + Br ayy oP Oth) + oT a 4 +b Ins (1+v2) 

  

m ~ 2 

Cy =- VE og, + V9) Cy +e b* 
l 

am ~ Ine 2.63 (1+v5) b? 1 9 nh ( ) 
(1+ 3v3) b| 
4 (1+v?) a 

  

Substituting equations (2.63), (2.62), and (2.61) into (2.60) and into (2.53) and (2.54), 

the relation between o? and o¢ for the matrix at r= a becomes 
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(b?> + a2)o? _ 2b’°vt ES (orl, - O7\,) +   

    

Oh, = a? E? (b? - a2)(1 - v2) 

m|  b*(1 +3) In(O] 24 92 2_ 42) ym Cm3 E3 2) IN) -b? + a2 + (3b? - a’) v3 
2 | ~ 2.2 + (2.64) 

1-v? b'-a 4 

where Oz], is given by equation (2.50). Again, the plane strain condition is assumed, and 

Or =O. 

Continuity Conditions for Bonded Interfaces 

Determination of Oz), 

For a bonded interface, the following continuity conditions are required at the 

interface. 

of | =o"|,=oF (2.65a) 

uf, =u", (at r= a) (2.65b) 

wih = w"t, (2.65c) 

Equation (2.65a) has been included in the analysis in the section "the relation between 

stress components". The solution of o7|, can be obtained by substituting the stress 

components 6, , Ge, and 6, from equation (2.65a), (2.59) and (2.48) for the wire, and from 

equations (2.65a), (2.64) and 0, = oz], at r=a for the matrix, into equations (2.17) and 

(2.19) and satisfying the boundary conditions of equations (2.65b) and (2.65c). The 

solution of o7|, obtained is 

  

o"|, = Pi of, + P2 a + P3 (02 - &) (2.66) 

where 

p,=DETlsopgg (iw (2.67a) '~ H Ef 7 1 2 *(1+vi) . 

  

  

ER F Qs(vPD+Q)  (ViD+Q){(L- v2) Ei +2 vi (1 + vi) Ed} (2.67) 
H (b? - a2) EP 4B E; 
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__DET/3D+2viQi (L-vi) 5, a2R P3= Hy IDE 2Q: Qi vt DEP (2.67c) 

2 2 D= ae + Vm + (1 - we (2.67d) 

Q:=2 lv Ea + Vn a (2.67e) 

yw Wi (wr D+Q)) 

= 2) (ee @) DERI - vA) 2-078) 

b 
_ (1 - vi) 1 veld) ga (tr, 2* pal (2.672) 

oe P tess be-ar)ve biin(B) + v4 (2.67h - 4 (b? - 2) “m™ 
_ 2 9 2 b’ vi'+ (D vi'+ Q:) | . =|(D+vi Q:)+(b?- a) R+ @- by) (2.671) 

  

|(a? - b?) (3b? - a2) + 4 b* In (2}] (1 - v3) 

In equation (2.66), of, is related to 6, by equation (2.49), and 1; is related to 6; by equation 

(2.23). Hence, 0°], becomes a function of 0? and 6}. 

The Solution of oF. 

Satisfaction of the following four boundary conditions (i.e. the loading and the free 

surface conditions) are required for the exact solution of 03: 

O, = Or (at z = t) 6, =0 (at z = 0) (2.68a/b) 

o, =0 (at z = t) tT =0 (at z =t) (2.68c/d) 

Substituting the solution for o7|, obtained from equation (2.66), equation (2.52) 

becomes a linear second-order differential equation for o;. Hence, the solution for o; from 

equation (2.52) requires only two boundary conditions. The inability to satisfy all four 

boundary conditions is due to the approximations adopted in the analysis. Judicious choice 
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of the boundary conditions to be satisfied is required to obtain a reasonable analytical 

solution. 

Satisfaction of equation (2.68a), which dictates the loading condition, is essential. If 

the solution of 6; is subjected to boundary conditions (2.68a) and (2.68c), two contrary 

equations are obtained in solving o:. If the boundary conditions of equations (2.68a) and 

(2.68d) are adopted, the erroneous result of the reverse stress transfer from the matrix to 

the fiber is obtained. A reasonable solution of 6, can therefore only be obtained by using 

the boundary conditions of equations (2.68a) and (2.68b), and the result is 

Cc z (b? - a’) 3 exp {- - Z)}) - ex -Z 

aE) Pils lb apead. 
a Er 

, (b° - a’) Pi Em exp ( ele” 
a’ Es exp (a t) - exp (- Ot) 

  

a’ exp ( t) - exp (- ot) 

  (2.69) 

where 

  

b? - a2 (Pi Em _ 1 +b (Fue P;) 

BU + val b pea) (b?- a?)(1+v) Pi Em . (b’ - a2) Po 
bee b In(©) 4b? + +E, +   

a 2 
(2.70) 

To determine the interfacial shear stress T,, equation (2.23) is used. That leads to 

O7 & (1--pFs 

b? - a? (Pi Em _ a’ 1+ 2 (PE Ps] 

aah Beeld sept a4) 
a’ Er exp (@ t) - exp (- at) 

exp (- a (t - z))+ exp (a (t - z)) 
exp (Ot) -exp(- at) 

  

G= 

  (2.71) 

2.4.3 Parametric Study 

In the following, the influence of the materials and geometries on the stress 

distribution is investigated. Therefore, the parameters for geometry and material constants 

are normalized. The axial stress in the wire and the shear stress at the interface of the wire 

and the matrix are evaluated in functions of three parameter variations: the ratio of 
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embedded length to wire radius, the ratio of matrix radius to wire radius, and the ratio of 

the Young's moduli of matrix material to wire material. 

Even though the variation of embedded length seems to be significant for the stress 

distribution, it is noted that the axial position is normalized, see Figure 2.8 in the appendix. 

For the same graphs with absolute axial position, the difference in stress distribution for 

variable embedded lengths is negligible. 

The results for the variation in ratio of radii of matrix and wire show that for a practical 

geometry, one in which. the matrix radius is at least 10 times larger then the radius of the 

wire, the stress distribution does not change significantly. It indicates that for applicable 

geometries the variation in radii does not result in significant changes of stress 

distributions. See Figure 2.9 in the appendix. 

A variation of geometric constants does not change the stress distribution significantly. 

The variation in material properties, however, leads to a drastic change in stress 

distribution. It can be seen that, for a large difference in stiffness for the two materials, the 

stress transfers more slowly from the wire to the matrix whereas a more compliant matrix 

material transfers most of the load in the first quarter of the anchor. See Figure 2.10 in the 

appendix. 

The question of what material system should be used depends now on two contrary 

thoughts. With a compliant material, the shear stress concentration at the load entry region 

is much lower than for a stiff material like a carbon fiber system. On the other hand, the 

axial stress level in the wire stays high along 80% of the embedded length and results in a 

high shear stress concentration at the rear end of the anchor. A stiff matrix system leads to 

a shear stress concentration at the load entry region. The average stress concentration in the 

rear part of the anchor, however, is significantly lower compared to a compliant material. 
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2.5 EXTENDED MODEL 

2.5.1 Geometry and Assumptions 

In this section, the derivation of an extended model is described. Due to the enormous 

mathematical difficulties and the unavailability of appropriate tools, the solution is not given 

explicitly but the derivation is outlined completely for future reference. The extended 

model describes the anchoring of an orthotropic wire with an orthotropic load transfer 

medium, also called LTM. The stresses and strains are three-dimensional and the problem 

is orthotropic. Due to the geometry, see Figure 2.11, the general orthotropic problem is 

reduced to a transversely isotropic case. 

  
    

  

  

Fig. 2.11 Schematic drawing of the geometry and the used coordinate system 

A transversely isotropic, or transtropic, wire with radius a is located at the center of a 

coaxial, conical cylindrical shell of a transversely isotropic matrix, the LTM, with a length 

of t. The coordinates are r, 8, and z respectively. For both materials, the wire and the 

matrix, the main direction of elasticity coincides with the axis of evolution for the given 

geometry. The wire is subjected to an applied axial stress Oo at one end of the specimen (at 

z=t) and the stress transfers from the wire to the matrix through the interfacial shear stress 

ti, see Figure 2.12. 
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Fig. 2.12 Boundary conditions 

The following basic assumptions have been made: the problem is linear elastic, the 

bonding is ideal, the radial displacement v is negligible compared to the axial displacement 

u and the axial stress gradient is a function only of the axial position z. The analytical 

development follows the procedure for the simple orthotropic model developed above. 

Similar steps are performed but modified to match the geometry and the boundary 

conditions. 

2.5.2 Mathematical Development 

The first part of the derivation follows the description given in section 2.4.2 exactly. 

Equilibrium Equations 

For an axisymmetric geometry, which has the cylindrical polar coordinates r, 8 and z, 

the general equilibrium equations for a homogeneous medium are given by (9! (2.14), 

(2.15) and (2.16), where F,, Fe, and F, are the body forces that can be neglected. 

The stress-strain relations for a linear elastic, transtropic body, assuming small 

displacements, are given by [10] (2.17),(2.18),(2.19) and (2.20), where u, v and w are the 

radial, tangential, and axial displacement fields respectively. For the given geometry, 

0 
symmetry demands that the gradient in 8 is zero, i.e. — =0. Therefore, equations (2.14), 

00 
(2.15), (2.16), and (2.19) can be simplified. 
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Shear Stress Distribution 

Wire 

Integrating the simplified equation (2.16) over the cross-section of the wire and then 

dividing by its cross-sectional area yields equation (2.22) where ©; is the average value of 

O; over the cross-section of the wire. Equation (2.22) describes the stress transfer between 

the wire and the matrix and is used in the shear lag model. 

To derive the shear stress distribution in the wire, it is assumed that the axial stress 

gradient in the wire is a function of the axial position z only, see equation (2.23). 

Substituting equation (2.23) into equation (2.21) and solving the differential equations 

yields the radial dependence of the shear stress in the wire (ti, ), equation (2.28). 

Matrix 

Similar procedures are performed to derive the shear stress distribution in the matrix. 

Again, the axial stress gradient in the matrix is assumed to be a function of z, equation 

(2.29). The boundary condition on the free surface dictates that along the contact line the 

shear stress and the normal displacement is zero. See Figure 2.13. Since the surface is not 

aligned to a main coordinate axis, a transformation has to be performed such that 

u’=ucos@-w sina (2.72) 

Tr = (6; - Gz) Sin & COS O + Tz (cos? oF - sin? &). (2.73) 

where the displacement transforms as a first order tensor and the stress transforms as a 

second order tensor. 

te 
  

  

  

Fig. 2.13 Free surface boundary condition 
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Applying the boundary conditions yields the following dependencies: 

slope my 
Trzlb* = 1 - slope? (O7'lb* - OF'lb*) (2.74) 

u™l,* = slope w™l* (2.75) 

where 

slope = Pb (2.76) 

b’= [bub z +9] (2.77) 

Combining equation (2.29) and equation (2.21), and integrating the obtained equation with 

respect to r leads to 

-£(@) Dart +C (3.78) 

where the integration constant C is determined by replacing r with b*. Using equation 

(2.73), the shear stress can be expressed as 

py] 5 1 slope b #2 
ta=[ bi - 2r Tf 1-slope z (Gz'lo* - Or'le*) (2.79) 

Combining equation (2.79) for r=a with equation (2.29) yields 

  

    

d0z' |, 2a b* _ slope 
> bee w tas a T- slope? 2 - oP) (2.80) 

Combining equation (2.79) with itself but replacing r with a (i.e. Tr -> 1;) leads to 

—a bos b’ __ slope _ om an 
te r te - 2 uty 1 - slope? (zk - Fle") b a? (2.81) 

which satisfies continuity of the shear stress at the interface (i.e. T=t,=7 at r= a) as 

well as the free surface condition (i.e. equation 2.74). 

Since the loading is in the axial direction, the radial displacement is small compared to 

the axial displacement. Because of symmetry the tangential displacement is zero. Ignoring 

the variation of radial displacements in the z-direction in the stress displacements relations, 

the approximate radial dependence of the axial stress can be obtained from the radial 

dependence of the shear stress, equations (2.28) and (2.80). 
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Governing Differential Equation 

Wire 

Adopting equation (2.28) for the shear stress distribution in the wire and combining it 

with equation (2.20) and integration over r leads to equation (2.36) where the integration 

constant can be set to zero (offset) and w; and wo are the axial displacements at the interface 

(r=a) and at the center (r=0) respectively. 

Combining equation (2.35) with equation (2.22), using the relations for one-dimensional 

uniaxial stress and differentiating the result yields equation (2.38), where o4, and oj, are 

the axial stresses in the wire at r=a and r=0O respectively. Equation (2.38), the 

governing differential equation, relates 6; (z) to o], and of, . 

The approximate radial dependence of the axial stress in the wire is given by equation 

(2.40). 

Matrix 

For the matrix,similar steps are performed to obtain the governing differential equation 

for 6). Combining equations (2.81) and (2.20) and integrating the result over the cross- 

sectional area of the matrix leads to 

  

  

« slope Er RR, - be ———" + (oh - ob) Ra = 1 .- wt, 2.82 ati Rp - b i. slope? (or lb* - © b*) 7 Lavi) (w", wl ) ( ) 

where 

a’ In(b-] | 
- a/ _1 2.83 

Ra = -a? 2 2-89) 

b*? in(b-) | 
-~ a/ 1 2.84 

Ry | b?-a 2 2-84) 

Solving equation (2.82) for 1;, inserting the result into equation (2.81), combining the 

obtained result again with equation (2.20), integrating the equation from a to r and solving 

it for w™ with the boundary condition that for r=a w™=w"|, ,yields 
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w" = wh, + Rb [(a- 1+ 2b" 7In(4)) (w,-wh,) + (2.85) 

A wy) by Slow (OF lb* - O7'le*) {Re (a?- +2 a2 In 3) -R, (a?- +2 b7 In (£)) \ . 
  

Inserting equation (2.85) into equation (2.37) gives 

wa - aR (oP b+ - oF ks) |(a? - 22)(1 + mn(}) 4(3 bd” a2) Inf) + 

b*?{(a? - b”) in(£) + (0? - a?) in(D-}} {b"2-a?-2aIn{b") + 2 Ry (b°?- a2) + 
mn m ET slope b’ r (a?-1?+ 2 b “in(£)) (b *2_g2_ 2atin(b)) 

. mw) vy) Ina 4 2{b"- a’ Ry 
a2-r+ 2 b*“In{E a r+ 2 b*? Inft 

(b*- a’) a | + 7 (b*? _ a’) RR (zl, “ Gz.) + Ozh + 

(1 +v7) slope b* “2 aay ye(rl - JOP J OPhy 

(b** - a’)(1 - slope’) R, (b a?) In(£) - (2? - nef dz az | ene) 

  G2'(r,z) = 

  

      

The reader might notice the inconsistency between equations (2.29) and (2.86). 

Equation (2.29) describes 6,’ as a function of z, whereas equation (2.86) shows that 67’ is 

a function r and z. Theoretically, oz’ should be a function of r and z for the depicted stress 

transfer problem; however, sufficiently far from the loaded end, 67’ becomes independent 

of r G.e. Saint-Venant's principle). Therefore, equation (2.86) satisfies the equilibrium 

only when the radial dependence of 67’ is ignored. 

Adopting equation (2.82), combining it with equation (2.22), taking the derivative wrt 

z , and using the relations (2.37), gives the governing differential equation for O; 

Pot __ oo] - o%,. . dot Slope b (a2- b+ 2 a2 In (b-}} . 
    

  

  

dz* a’(1-v?)R, dz (a2- b”? 
#2 21, fb 2 slope? (othe of (lee +2b In(&}) R, |). 

(1 - slope?)Ry SO" (a2- b”? a? Ry 

2slope b*R, (¢ Ozh» Othe] 
2.87 

(1 - slope’) a? Ry \ dz (2.87) 
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Mechanical Equilibrium in the Shear Lag Model 

Following the same approach as described in the section "simple model" leads to the 

axial stress distribution in the matrix at the wire / matrix interface 

Or. = 8-(or- GR -Tot, + 2 oF. 7 (wl + wel.) - Ts (Cork cr) (2.88) 

where 

N =8(b"*- a) R? (2.89) 

Ti = (b°? af? Ry {4 (b"® af Re + at 4 a4 3 bd 4b” In (O-}} (2.90) 

T, =(b™ a) (-at +4 ab 3 bd“ 4b nf) R, + 
2 (1+vi) - slope" sz {- 6 ab? +3 atb™*- 3 atb’> +b - b” (a? b"Y (3 a? +b”) nf) + 

2 ab"? (- at + bY nD + (b°- a2) (2a? - 26+ (a?+ 3b") Inf) R,| (2.91) 

  

slope. 

2-] 

3 ab“ +2 oo ( at + b°*) In} + (b°% a2) (2a? - 2b°%+ (a2+ 3b") InfO-}) R,} (2.92) 

  Ts = 2(14v#)- {- 6 ab"? +b - b? (a?- b?) (3 a? +b?) InfO} + 3 at" - 

Ts = - Ef slope b* {a®- Sa‘b"*4 7a°b"* 3b°S4 2 (a®- datb’2+ a°b"4+ 26°) In(b-} - 
8a’b'* In{D-} 42 (b°?- 22) (a*- b+ 4a%b*? In{D“}} Ry} (2.93) 

Ts =(1+v3) Foren R, b* (b*® a) {2 b* 24 (a* 2+ b*?) infP-} (2.94) 

The General Differential Equation Governing o, 

Substituting equation (2.88) into equation (2.87) leads to the general differential 

equation governing 6,. The solution of o} depends on the determination of o%|, , which is 

dictated by the boundary conditions at the interface. The alternative differential equation 

(2.36) governing 6%, will be included in the general differential equation governing O; 

through the boundary conditions at the interface. 
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Determination of o7|, for Bonded Interfaces 

The axial stress 07], can be determined by combining the tangential stress with the 

radial stress, using the exact equilibrium equation, and satisfying the boundary conditions 

at the interface. The relations between the radial and the tangential stresses in the wire are 

derived exactly as described in the section "simple model", equation (2.59). 

The matrix . 

Using the same approach as before, combining equation (2.86) with equation (2.88), 

substituting the result for 6, ,and substituting eqn. (2.81) for t in equation (2.54) leads to 

2 m m 

el — +1 ~ - 4 + = vi (1+v7) r? — + (1-v8) 2 = =0 (2.95) 
r r | r Z 

A total expansion of equation (2.95) and a rearrangement of all the terms containing the 

radius yields 

2 

Cini F + Coo 2? +Cm 2? + EF ‘ gu +1 ou - ; = 0 (2.96) 
or? or 

where the terms Cm and Cy2 are assumed to be a function of z only. The solution of the 

differential equation (2.96) is 

Um (1) = Sm + Cua r- ds [fe rIn(t) +1 Cra? +h Cm | (2.97) 

where the coefficients Cy3 and Ca4 will be determined by the boundary conditions. 

Cn and Cho are defined as 

        

    

  

  

2 2 
T Z 0 t|b* 0 z|b* 

Cm = Cy 9 Ole , 8 Ors + Ci2 - 6, +09) +C13 - Ore + Or» +Cigt 
oz? oz? OZ OZ 

d0r| + 
OFF Orl ptt Ci6 Orla +C)7 Oz|b* + Cig T + Cio (wb - wl.) + Cito + 

Z, 

0 z|a OT; 
Cin or + Cii2 — (2.98) 

OZ OZ 
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Cm = Cn (- 5 + 09) + Crs |- oor + ode + Cx O2]a + Co7 OF]o* + Caio dorl 
OZ Oz Oz 

(2.99) 
and 

Ci =- 22 T; (2.100a) 
1 

Cio=- BE PAN 2F(1 + V3) Ry (2.100b) 
1 

C= B3tDe 7, (1 + v9) R, (2.100c) D 
Crs = BST, EP(1 + vA) slope (b"- a’ R8{b"?(- a? b- 2 a 7In (2) - (2% b”Y Ro} 

1 

(2.1004) 
Cys = Dell - m 5313 1 4 veR, (2.100e) 

1 

1 + v3) (b"*- a?) - T | Cie =! Ro {-Ds(T; +T + Depa a(T bp’ — ls | 2.100 
° D; p [Ds (Ti + Ta) + Ds (b?+a2)\ ° T slope ( t) 

DoT Cy, = Pets 2.100 17= Emp, ( g) 

2 a D To Cig = SS ~2 (1 - slope? 2.100h 18 (b*?- a’) D, ( Pp ) 
( ) 

_ D3 + Ds Dsb {_ b’?_ (,2 ,* 21, (b- 2 Cio= Pa Pa T,(1 + vi) Ry + DS (b (2?-b'%+ 2 a? In(b}} +2 Rs| (2.1003) 

Coo 22 chert) (2.100) 
1 

Cin =- Beh (2.100k) 
1 

* 2_ 

Cy) = De Tab" (slope™ 1) (2.1001) 
Da slope 

De N 2 
Cy = aD, (2.100m) 

Ca = - Pets (2.100n) 
I 

Cy = Pe Ht Ts) (2.1000) 
1 

Cy =- Deh (2.100p) 
Di 

Corio = - Ds Ts (2.100q) 
Di 

D, = Ef’ (1 - slope’) T2 (b"- a2)’ Ry (2.100r) 

D2 = a? Ef” (1 - v3”) slope _b* (a?-b"”) Ré (2.100s) 

D3 = Ef v"(1 - slope?) b’? (a2-b”) (2.100t) 
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Dz = a? EY (- 1 + v2) slope? (a2+ b’’) Ré (2.100u) 

Ds = Ef EZ vi (1 + v3) slope (-1 + slope’) T2 (2.100v) 

De = Ef vf (1 + vi) (1 + v3) slope? (a2- b"”) (2.100w) 

Cr3 and Cm are constants to be determined by the boundary conditions. Substituting 

equation (2.97) for r= b' into the boundary condition eqn. (2.75) leads to the integration 

constant C4. To evaluate the second integration constant Cn3, equation (2.97) and 

equation (2.88) are inserted in equation (2.52) which is then solved for Cn. 

    

  

  

a? bb” vP(1 + v3) b” vi(1 + v3) b’'(1+v3)slope |. 
Cn4 = TERT, (--o.+0°) + ET T, oT + 5 wl + 

b* (1 + v3) (ET To (-1 + v3) + ES vt Ts) b” vP(1+ v3) Ts {dor doz'b 
orl, + = - - 

2 Ef EF T, 2 ErT2 oz oz 
Cab? Cm b?(2+b7) bY vP(1 + v3) Ta 

m2) + mi, - Wl" 2.101 6 ES 3 EF DEPT, — e- W"h) 2.101) 

Cos = Cab” 4 Cy ( bo, in (o) Cos 4, S1OPE mp (2.102) 3EF  "\SES 2EP/ yp? ~~ bt 

After replacing the integration constants in equation (2.97), u” can be expressed as 

vi (1 + v3) T; (r?- b) Olt 
    

  

u™ = vi (1 + v8) Ts (r?- b'?) [oz] o*  AOrfer | | 
- 2EPrT> 2 Ef rT OL 
(b"- 1 (b'+ 21) » (L+v8) G+ bY) (ER Ta Cl + v8) + EP PTS) Gog 

6EPr m 2 EP ES rT» 
2 Ht 9 QI LN _f. a hey 

slope (2 (I-v8) +b". +V) aig OP -2r in (}) (- r+ b*?) 
    Cm + 

    ( ) ( "?) m m ( ) ( ? ”) o O:) 2 103 Vi 1+V3 T4(r7- b Nvi(i+va)a r+b 

W'|b* - W' la z7- Mz . 

Substituting equation (2.139) into equation (2.124) and evaluating the result at r = a leads 

to O89): 

  of. = Gig Gon BB+ Cot FELT Co at +2va + ots EE ve(1 + v8)- 

o,f, 2 (Levin 0.108) 
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Exactly the same procedure to determine o6@|, will lead to or], if equation (2.123) is used 

instead 

OF. =| Cas 2 BP - Cow PUY), 8 +VD my EZ ym] + vi) - 
(1 _ vi") a’ 3 Er 

2 m' m 
Cont 2 Ct V3) +140 wo ine} (2.105) 

Again, the plane strain condition is assumed, and o;" = o. 

For further development of the necessary terms for the governing differential equation 

(2.87), it is essential to make use of all the derived equations to eliminate most of the 

unknown functions. 

Simplifications 

The following will show how to eliminate several unknown functions in order to 

obtain a governing differential equation in 6, as a function of the applied stress 6? only. 

Each step will be described; however, the newly derived equations will not be shown since 

it is not possible with the available equipment to evaluate the expressions. 

Starting with equation (2.103), where u™ is a function of 

OO0z\,2 AOrle* {OGz|o* AGr|o* dots done recone of     
  

  

Z oz OZ Oz oz? Oz? 

wl ., Wo", 62, Oz, Ti, oi (2.106) 
OZ 

and equation (2.80) 

OOz\a = = f {(o8ly - oy), 1) (2.107) 
Z 

and inserting both equations into (2.52), let r = a and use Oz|,. The result is the radial 

stress of the matrix at r = a, o;|, as a function of 
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athe ot = {ots ots, ot, 2x, fin Se) Pein ee} 

Oz Oz 02? dz? Z 

— OT; 
w" a w"| b*; 0°, On, Tis | (2.108) 

Z 

The axial stress in the matrix at r = b* is given by (2.88) as a function of 

do;| b* _ dor| b* 

Zz OZ 

    ole =f (ct - 62), Bla, One, | | (w", - w" 5) (2.109) 

Now, equation (2.86), which is a function of 

doz] b* - dor| b* 

Z OZ 

    Oo, =f (c - 02), Ozla, Ore’, | | (w"|. - wb"),(Oz]0 - =) (2.110) 

is set equal to equation (2.88) for r=b* and solved for 

    
Pete 2) 5 (oto Os, (w"{.- w"{o)} (2.111) 

Z, Z 

This result will be used to simplify equations (2.86) (2.88) and (2.108). Equation (2.108) 

is solved for 

  

  

dorl a = f OF > Orla Oo, o7,w" as w b*s Orlo*; ca Vi, ou (2.1 12) 

OZ Z OZ 

and inserted into equation (2.111), which is now solved for 

0 z|b" _— O i 

=" =f (e , Oza, Oz, O2,W a, Wo", Orly, Ti, | (2.113) 
Z Z 

Again equation (2.52) is calculated by using the simplified equations (2.106) and (2.107), 

but this time at r= b*. Solving the obtained result for the radial stress yields 

oly =f (< Lo, 0°, O2,w a, Wo, Tis a (2.114) 
Zz 
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In the next step, the axial displacements will be determined. Therefore, equations (2.76) 

and (2.109) are inserted into equation (2.82), which is then solved for the axial 

displacement at r=a 

OZ 
w,=f fe , OT} a, 08, Or, Wb", Ti, y (2.115) 

The simplified equation (2.88) is set equal to equation (2.86) for r = b* and solved for the 

missing axial displacement at r = b* 

w= f (o , O72, 0°, Or, Ti, 4 (2.116) 
OZ 

After a back substitution of all the dependencies, the three stresses of importance, 

Orla, Oz|a and O@|, , become a function of 

  

—f ~2=f -, 06; 2 si (2.117) 
(Orla, Oz]a, Oda} = j{ot oro Oz, ? 

oz Oz? 

where the terms of the interfacial shear stress are given by equation (2.22). 

Continuity Conditions for Bonded Interfaces 

Determination of Oza 

For a bonded interface, the following continuity conditions are required at the 

interface. 

or, =or|,=or (2.118a) 
uf, =u, (at r=a) (2.118b) 

wi, = w"l, (2.118c) 

Equation (2.118a) has been included in the analysis in the section: "Simplifications". 

The solution of 7], can be obtained by substituting the stress components 6,, Oe, and 6; 

from eqn. (2.118a), (2.59) and (2.48) for the wire, and from the eqns. (2.118a), (2.104) 

and o,=0;|, at r= a for the matrix, into eqns. (2.17) and (2.19) and satisfying the 
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boundary conditions of eqns. ( 2.118b) and (2.118c). The solution of o7|, obtained is in 

the form of 

  

io 4 dt go ol,=fio, 2 Ga (2.119) 

In eqn. (2.22), tis related to G;. Taking the derivative wrt z leads to the dependency of oe 

9 VO: . 
© dz 

; therefore, o7|, becomes a function of o? and o;. Inserting the obtained result for   

Oz|, and the simplified equation (2.88) for 02|,* into (2.87) yields the governing differential 

equation. 

The Solution of oF. 

For satisfaction of the following four boundary conditions (i.e. the loading and the 

free surface conditions), equations (2.68a-d) are required for the exact solution of O:: 

Substituting the solution for o7|, obtained from equation (2.119), equation (2.87) 

becomes a linear second-order differential equation for o;. Hence, the solution for o; from 

equation (2.87) requires only two boundary conditions. The inability to satisfy all four 

boundary conditions is due to the approximations adopted in the analysis. Judicious choice 

of the boundary conditions to be satisfied is required to obtain a reasonable analytical 

solution. 

Satisfaction of equation (2.68a), which dictates the loading condition, is essential. If 

the solution of 6; is subjected to boundary conditions (2.68a) and (2.68c), two contrary 

equations are obtained in solving 6;. If the boundary conditions of equations (2.68a) and 

(2.68d) are adopted, the erroneous result of the reverse stress transfer from the matrix to 

the fiber is obtained. A reasonable solution of o; can therefore only be obtained by using 

the boundary conditions of equations (2.68a) and (2.68b). 
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CHAPTER 3. DESIGN 

3.1 Introduction 

The first step for a successful product is a design that fulfills all its requirements. 

Industry demands anchors that have excellent static and fatigue properties and are easy and 

cheap to manufacture. In addition, the specific use of the anchor requires properties that 

can vary from application to application. For the commonly used anchorage of steel wires 

several designs are available and successfully implemented. However, most of the 

standard designs prove unsatisfactory when used for anchoring carbon fiber wires. In the 

following, several possible designs are described. Two different systems for anchoring 

unidirectional loaded rods or wires, the cast anchor and the clamped anchor, are shown in 

Fig. 3.1. Section 3.2 describes some typical designs and their advantages and drawbacks. 

A list of requirements that must be met by the chosen design of the anchor system are given 

in section 3.3. Finally, one design is selected and explained in detail in section 3.4. 

3.2 Common Anchorage Systems 

3.2.1 Load Transfer Connections 

Load transfer connections (LTC) are understood to be connections between different 

parts that transfer the forces and moments from one part to the other. They have to satisfy 

multiple requirements: 

- The load should be transmitted without reduction of the strength of the parts due to the 

connection 

- arequired stiffness should be satisfied 

- acertain damping behavior can be expected with fatigue loading 

- different thermal expansion coefficients have to be considered 

- the load transfer connection should be inspectable 
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- minimum additional mass should be added by the LTC 

- minimum additional space should be used by the LTC 

- the design should be inexpensive 

- the design should be easy to fabricate, if necessary, on the site of the construction. 

The load transfer connection can be designed as in standard constructions by using the 

technique of bonding or fitting. However, it is desirable to use isotropic materials for the 

LTC since the state of stress in this part is highly multi-dimensional. Orthotropic material 

can not always satisfy the needs of mechanical behavior in the direction of the forces. In 

general, the state of stress for the load transfer connection of a unidirectional wire can be 

described as tensile stress in the direction of the axis, compressive stress perpendicular to 

the axis, and shear stress along the axis. The composite fiber wire behaves poorly under 

radial and shear stress. Therefore, the standard clamping system for anchoring steel wires 

using wedges should not be used. The goal is to develop a design that uses radial stress to 

increase the shear strength, but does not allow the radial pressure to become destructive. 

Especially at the load entrant area of the anchor, the radial and the shear strength are 

reduced due to the fully effective axial stress. Therefore, the radial stress should be 

reduced towards the load entrance side of the anchor. On the other hand, a controlled radial 

pressure increases the shear strength of the compound. 

The basic design can be split roughly into two different systems, the cast anchor and 

the clamped anchor, shown in Figure 3.1. 

  
  

        

    

      

  

                

  

cylindrical conical 

Fig. 3.1 (a) Cast anchorage system 
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   clamping plates 

Fig. 3.1 (b) Clamped anchorage systems 

3.2.2 Cast Anchorage System 

In general, the load will be transferred by shear stress from the composite fiber wire to 

the steel socket using the load transfer medium, shown in Fig. 3.2. Since it is not always 

possible to transfer the full load just by shear, the inside of the steel] socket should have a 

conical shape that induces an additional radial load that 1s dependent on the geometry and 

surface condition. The cast material used as the load transfer medium (LTM) is in most 

cases a resin system. However, some cast systems are also designed with metals or 

sometimes mortar. In addition, the load transfer medium can be filled with sand or other 

particles to increase the stiffness or to reduce the shrinkage during the curing. The filler 

increases the compressive strength of the LTM and thus the capability to transfer the 

applied axial stress by radial stress. The uncontrolled shrinkage leads to an arbitrary shape 

of the load transfer medium and therefore to an undetermined length and state of contact 

due to the difference in geometry between the socket and the LTM. 

The socket is generally made out of metal and can vary in shape and material. The 

connection of the socket to the structure depends on the application. A thread on the 

cylindrical surface at the rear end of the socket is commonly used as a connection 

mechanism. Another widely used connection mechanism is to use the front face of the 

socket as a bearing surface. The introduced connection mechanisms of the socket are 

common to all the anchorage systems. 
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Fig. 3.2 Conical cast anchorage system 

Another possibility is to use a resin system for bonding the wire into the steel socket, 

see Figure 3.3. Therefore, the gap between the wire and the socket should be less than 

1mm for optimal bonding. One problem with this system is the high shear stress in the 

bond layer due to the missing radial load; as a result debonding may occur. Also, it is 

rather difficult to get a uniform wetting of the wire with the resin along the full bond length. 

ket SOcKe 
bonding layer cable / 

Ry /// 
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Fig. 3.3 Simple bonded anchorage system 

  

  

  

    

  

  

  

    
  

The production of the anchorage system described above needs only the pre-fabricated 

steel socket and the cast material. After the parts have been carefully cleaned, the end of the 

wire is cast into the socket. However, there are some problems with the manufacturing 

process on the construction site due to the long curing cycle of the casting system. 
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3.2.3 Wedge Anchor System 

In the wedge anchor system the load is transferred through friction; therefore, a radial 

stress is induced in the wire with wedges or clamped plates, see Figure 3.4. For wires 

made out of aramid fibers it has been shown that it is possible to use the wedge system [16], 

The maximum failure load of aramid fibers is not as high as the failure load of carbon 

fibers. Therefore, the radial stress needed to provide the necessary friction is less for 

aramid fiber wires. In addition, aramid fibers are less sensitive to radial stresses. It seems 

to be impossible to use this anchor system for wires made with carbon fibers. The 

necessary radial stress to prevent slipping is higher than the maximum radial strength of the 

wire perpendicular to the fiber axis, so the wire would break. There are some techniques to 

increase the friction by using an intermediate layer such as double-sided sandpaper, for 

example. Tests have shown that the result is not satisfactory [17]. Another possibility is a 

layer of a resin between the wire and the wedges to reduce stress concentrations. In this 

case the long-term behavior is problematic due to creep property of the resin systems. 

socket 

fl 
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Fig. 3.4 Wedge anchorage system 

3.2.4 Clamped Anchorage System 

A second possibility of generating a clamping force is the use of clamping plates. The 

wire is placed between two plates with a half cylindrical slot of the same dimension as the 

wire radius, see Figure 3.5. The plates are clamped together using screws. The induced 

radial pressure can be easily controlled by the torque needed to tighten the screws. It is 

also possible to have a variable radial pressure along the clamping. An additional 
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advantage is that the stiffness of the plates can be varied by changing the cross section of 

the clamping plates. One problem is the non-uniformly distributed radial stress along the 

circumference. As far as the maximum applicable radial load is concerned, the same 

problems occur as in the wedge system described in section 3.2.3. 

screw clamping plate cable 
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Fig. 3.5 Clamped anchorage system 
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Another general problem is the anchorage of several bundled wires. It is difficult to 

clamp multiple wires without using a large amount of construction space. For several 

applications however it is of importance to have a small anchor due to lack of available 

space. 

3.3. Requirements 

There are several requirements given by the customer that have to be met by the 

anchorage system. Other requirements are set specifically by its application. Some 

requirements are set by economic reasons for a future use in the industry. The following is 

a list of requirements that have been given by the Swiss Federal Laboratories for Materials 

Testing and Research (EMPA) at the beginning of this project: 

- aT 700 fiber with a tensile strength of 48300 MPa has to be used for the wire 

- amultiple wire bundle has to be connected 

- the failure load has to be larger than 92% of the theoretical tensile strength of the wire 

- the failure has to occur in the free length of the wire 
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- the design has to withstand a specified fatigue loading cycle 

~ the LTC should be easy to produce 

- the LTC should use little additional space 

- the LTC should provide some possibility of control and monitoring 

- the cost of the anchor should be reasonable. 

Some of the above requirements are absolutely essential to satisfy the needs of the 

application. The behavior of the system under static and fatigue loading and the maximum 

load capacity are essential demands whereas the costs and material selection can be 

considered as secondary and are not essential to prove the feasibility of the design. The 

demand for a compact design size is not always essential, but to have one single design that 

fulfills this requirement helps to cut design and production costs. By fulfilling the 

requirement that the failure of the wire/anchor system will occur in the free length, it can be 

guaranteed that the failure is not triggered by the anchor. 

The theoretical tensile strength is defined as the sum of the strengths of the single 

wires in the bundle. The strength reduction due to the large number of anchored wires and 

the long span of the bundle is not taken into account, see section 2.3 and [5]. 

The given requirements dictate the choice of the design for the anchor. The next 

section describes the chosen design and elucidates how the given requirements are 

satisfied. 

3.4 Chosen Design 

To satisfy the previously described demands for anchoring highly loaded carbon fiber 

wires, only the system of conical casting can be used. The clamping systems do not 

provide the possibility of anchoring multiple wires. To handle the necessary high radial 

stresses, a solution for the casting systems is developed. Inside, the socket must have a 

conical shape to provide the necessary radial pressure to reduce the maximum shear and to 

suppress a possible debonding. Fig 3.6 shows a typical anchor and the nomenclature 

used. Due to the requirement of simple production of the socket, the inside shape of the 
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cone will follow a straight line of evolution. The following parameters determine the 

performance of the anchorage system: 

- the length of the socket 

- the slope of the cone 

- the stiffness of the LTM 

- the used material systems for the LTM, the wire and the socket 

- the geometry of the socket. 

The length of the socket determines the distribution of the axial and shear stress. A 

short socket does not allow the axial applied stress to transfer fully to the socket, and will 

result in two zones of high stress concentration at the beginning and end of the socket 

which will merge. The slope of the inside cone determines the radial stress. A small slope 

results in a low radial pressure, i.e. the axial load transfers mainly by shear stress. Fora 

steep slope the axial stress is transferred mainly by radial stress on the socket. This results 

in squeezing the LTM. However, both parameters do influence each other, they are 

coupled. The stiffness of the socket is determined by its material and by the geometry, 1.e. 

the inner and the outer slope of the socket. The stiffness of the LTM is determined by the 

choice of materials, and influences the stress concentration areas at the load entrant region 

and at the rear end of the socket due to the notch geometry of the socket and of the load 

entrant area between the wire and the LTM. A variation of stiffness of the LTM along the 

wire axis can help reduce the areas of high stress concentrations. 
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Fig. 3.6 Schematic geometry of the selected design 
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The number of anchored wires can be easily modified by resizing the anchor system. 

In this study, the goal is to anchor a bundle of 19 wires. The connection of the socket to 

the support structure is not specified. For loading in tensile testing machines however, a 

thread is applied to the cylindrical surface of the rear end of the socket. This also allows 

the socket to be connected to the support structure on the construction site. 

With the schematic design shown in Figure 3.6 several requirements can be fulfilled. 

It is possible to anchor a bundle of wires with the same anchor by arranging the wires 

concentrically and symmetrically around the center wire. The specified T700 fiber is used 

throughout the experiments. It is shown later that with the given design a static failure load 

greater than 92% of the theoretical tensile strength can be obtained. 

The chosen design of the anchorage system is compact and does not need much 

construction space. It can be used even in very space-limited structures like stayed bridges. 

The production of the anchor is simple. With the pre-fabricated socket, the wires can be 

cast at the construction site. The cost of the anchor itself can be neglected compared to the 

cost of the carbon fiber wires. In this sense, the selected anchorage system is also cost 

effective. 

There are several possibilities to monitor and control the behavior of the anchor during 

its life time. Important information is how much the LTM moves or slides inside the 

socket. This information can be obtained by applying an extensometer at the front end of 

the socket. to measure the relative movement between the wires and the socket. Strain 

gauges that are bonded to the surface of the socket measure the strain of the socket and 

therefore indicate the stress level at the inside of the cone. In addition, fiber optics can be 

used to indicate possible debonding or fiber breaking in the LTM. 

In the following chapter, the design described above is shown to be successful in the 

experiments performed. How the experiments are performed is described in detail. The 

materials used and the production of the anchorage system are explained thoroughly as 

well. 
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CHAPTER 4. EXPERIMENTS 

4.1 Introduction 

In the design and evaluation processes of a new product, the experiments are usually 

the most expensive part and attempts are often made to reduce the number of tests to keep 

costs low. In the particular case of developing an anchorage system for orthotropic wire 

bundles, the experiments are an essential part of the design process. The analytical 

description of the problem has to be simplified in order to allow a mathematical treatment 

that leads to a closed-form solution. These simplifications alter the problem to an extent 

that is not completely known. The finite element analysis gives a good overview of the 

stress and strain distribution in the anchor. The numerical analysis helps to understand 

the basic mechanisms in the anchor. However, FEM provides only trends; the peak 

values are not always equivalent to the real stresses and strains. The regions with a 

"notch geometry" create singularities for the FEM analysis that influence the accuracy of 

the results obtained. The shortcomings of the analytical and numerical methods 

described above make apparent the necessity to perform experiments. 

The primary objective of the tests is to obtain information on the failure load and the 

failure mode of the anchorage system. This information is used to modify the anchor in 

order to obtain better results. Therefore, static tensile tests are performed. In addition, 

secondary investigations are carried out to determine the material characteristics and to 

get additional information on the failure mode. In the following, the experimental setup 

is described in detail, followed by the results of the investigations. The experiments were 

carried out at the facilities of the Swiss Federal Laboratories for Materials Testing and 

Research (EMPA) in Duebendorf, Switzerland. 

51



4.2 Anchorage of 7 Wires 

4.2.1 Introduction 

In the process of developing an anchor system for orthotropic wire bundles, 

preliminary experiments have been performed on single wire anchors. For more 

information on the single wire anchors refer to !!7:18]. In a subsequent step, wire bundles 

with seven single wires were anchored. Several different materials were tested for the 

load transfer medium (LTM). In separate tests, the geometry of the socket was modified 

to implement the conclusions of previous tests. 

4.2.2 Materials 

The experiments of anchoring a bundle of 7 wires are mainly used to determine a 

material system for the load transfer medium that satisfies the previously defined 

requirements. Several materials were tested and evaluated, see Table 4.1. All LTM 

materials are thermoset polymers; some are reinforced with a filler and some are fiber 

reinforced. 

Table 4.1 Material properties of the LTM materials 

  

  

  

  

  

  

            

Material Young's strength failure 

Modulus [MPa] strain 

[MPa] [%] 

pure epoxy 4000 100 4 

Al203/epoxy 15200 130 | <8 

PMMA 3000 100 4 

PC 2200 80 6 

glass/polyester 27000 500 1.95 

carbon/epoxy 129000 1900 1.5 
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Two different concepts for the LTM were investigated: the casting of the LTM and 

bonding. In the casting, an epoxy resin system is poured into a mold containing the 

arranged wires. Two different fillers were added to investigate the influence of the 

stiffness of the LTM. The materials used for the filler are aluminum-oxide granules, 

produced by Alcoa, USA, and an EPDM-rubber granule. In the bonding, the LTM is 

machined out of a prefabricated block of material. The wires are bonded into holes drilled 

in the LTM using Scotchweld 9323 with a shear strength of 41 MPa. The description of 

the experiments gives more information about each LTM material and its purpose. 

The wires are pultruded, combining a T700 fiber from Toray Industries (Japan) and 

an epoxy matrix (LY556/HY917/DY070) from Ciba-Geigy (Switzerland). The material 

characteristics can be seen in Table 4.2. 

Table 4.2 Material properties of the carbon fiber wires 

  

  

  

  

  

  

  

        

carbon fibers Toray T700 

epoxy resin system Ciba-Geigy 

LY556/HY917/DY070 

diameter [mm] 5.8 

fiber volume fraction [%] 68 

density [kg/m3] 1560 

axial tensile E-modulus [MPa] | 165000 

tensile strength [MPa] 3300 

failure strain [%] 2.1 
  

4.2.3 Preparation of Cast Anchors 

The following describes the production of the cast anchors. The method is 

independent of the number of anchored wires and therefore can be used for any number 

of wires. The mold that is used for casting the LTM is the steel socket itself. This helps 

to reduce production costs. The inside of the socket is carefully cleaned with acetone and 
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treated with a release agent. The rear end of the socket is temporarily closed with a cap. 

The cap has the geometry of the arranged wires machined into it. This assures that the 

wires stay in place while casting. The cap also has two small openings connected to a 

vacuum pump. The prepared socket is placed upright, sitting on its rear cap. The wires, 

cut to length and carefully cleaned with acetone, are inserted through a placement disk 

and positioned into the socket. The mold is now ready to be filled with the resin system. 

In case of an additional filler, the granule is added first. Before pouring the resin, the 

whole arrangement is preheated to allow the resin to flow more easily through the filler 

and to improve the wetting behavior. During the pouring, a vacuum pump helps to pull 

the remaining air out of the socket. For curing, the whole arrangement is placed into a 

hot air oven. The second anchor on the other side of the wire bundle is produced 

similarly. Fig. 4.1 shows the procedure schematically and the Figures 4.9 - 4.15 show 

steps from the production. 

4.2.4 Preparation of Bonded Anchors 

The LTM for the bonded anchor is machined from a prefabricated piece of material 

using a lathe. For the PMMA LTM and the PC LTM the material is delivered in the form 

of rods, whereas for the fiber reinforced LTM the part is laminated from 2mm-thick pre- 

laminated plates. After machining the cone, holes are drilled for the wires. The cleaned 

wires are then bonded into the LTM with Scotchweld. The advantage of the bonded 

anchors over the cast anchors is the possibility to prefabricate all the parts in a factory so 

that the anchor has only to be assembled on the construction site. In addition, the 

machining of the LTM provides an exactly controlled surface geometry for the LTM. For 

the cast anchor this is not true due to shrinkage. 

4.2.5 Experiments 

The specimens were tested in an Instron 1346 tensile test machine. Both sides of the 

wire bundle were anchored with all degrees of freedom being fixed. A PTFE (Teflon) 

film of 0.1mm thickness was inserted between the LTM and the socket. The purpose of 

the film is to prevent stress concentrations due to particles between the two bodies and to 

reduce the friction in between the LTM and the socket. 
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The quasi-static load was applied with a constant displacement velocity of 2mm/min 

until failure of the wires. The result of the experiment is the measured force versus 

displacement (indirect time). It is assumed that the frame of the tensile testing machine is 

stiff compared to the specimen. The displacement is therefore the sum of the elongation 

of the wire bundle and the movement of the LTM inside the socket. 

The load displacement plots show a small increase in stiffness of the wire. This 

indicates clearly the slip of the anchor inside the socket, the alignment of the wire bundle, 

and the shear deformation of the screwed joint between the socket and the testing 

machine during the execution of the test. In addition, a first failure of the bundle is very 

often indicated by a sudden drop in measured load. Figure 4.2 shows a schematic load 

displacement curve. 
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Fig. 4.2 Schematic load-displacement plot 

For some of the tests, strain gages were attached on the outside of the steel socket to 

measure the deformation of the socket. The gages are of the type HBM6/120XY91 by 

HBM, (Switzerland). In some tests, the movement of the LTM in the socket was 

measured by an extensometer. 

In addition, some tests were accompanied by an acoustic measurement to detect 

some early failures. It was apparent that this technique did not provide enough detailed 
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information to justify the expenditure. Section 4.2.6, Test Series 2, the method of 

acoustic measurement is explained. 

4.2.6 Results 

In the following, the characteristic tests are described and the results are presented. 

It is also discussed how the information influenced the setup of the next test. For a 

complete description of all performed tests refer to !!9.20], 

Tests with a Cast LTM 

Test Series 1 

First, one experiment was performed with a cast LTM without any filler. The 

geometry of the cone was a straight line of revolution. The failure load was 49% of the 

theoretical maximum load capacity of 595 KN for the bundle. The failure was triggered 

by a pullout of a single wire in one of the LTMs. As a result, all six other wires broke at 

the load entrance region of the opposite LTM. An inspection of the LTM after the test 

showed that the radial pressure acting on the LTM, particularly in the front part, was 

higher than the compressive strength, see Fig. 4.16. In the load entry region, the anchor 

was completely destroyed. The observation of the destroyed anchor leads to the 

following assumption: the geometry of the LTM changes during the cast process. The 

shrinkage leads to a different slope of the LTM cone. The back side of the cone shrinks 

more than the front side. This leads to an area of high radial stresses particularly in the 

front part of the anchor. This area suffers already from a high axial stress. The 

coincidence of the locally high stresses might trigger a failure. In addition, the radial 

stress exceeds the compressive strength of the epoxy system for the LTM, which leads to 

fragmentation. 

56



Test Series 2 

In the next step, the LTM was again a cast epoxy, but reinforced with a filler, see 

Fig. 4.16. The purpose of the filler is to reduce the shrinkage and to increase the 

compressive strength of the LTM. To maintain the compliant front zone of the LTM, the 

LTM was only filled up to a certain height. See Figure 4.3. Aluminum oxide granules 

were used for the filler. The slope of the cone was similar to the one used in the first test. 

The failure was catastrophic and occurred at 61% of the expected maximum load 

capacity. The following observations were made after the test: three wires broke on the 

free length and the remaining 4 wires broke at the load entrance zone of the LTM. It is 

not clear in what sequence the failure occurred. The front end of the LTM showed 

several circumferential cracksindicating a tensile failure of the epoxy due to the high 

axial stress of the wires. One crack was along the interface between the filled and the 

pure epoxy part of the LTM. It is later shown that this interface triggered the failure. 

pure LTM filled LT     
Fig. 4.3 Schematic drawing of LTM with filler 

To overcome the problems with the front end of the LTM, te. the brittle behavior of 

the epoxy towards tensile loading and radial pressure, the front end was then filled with 

an EPDM-rubber granule, see Figure 4.17. The specimen's geometry was similar to the 

previously described tests. The failure occurred at 59% of the theoretical maximum load 

capacity. Failure was not catastrophic, but progressive, as the-non damaged wires were 

attempting to carry the load. However, the maximum load at the time of the first failure 

was no longer achieved. A schematic load displacement curve is shown in Figure 4.4. 

This experiment is used to explain the method of acoustic transmission 

measurement. The emission and the amplitude of the emission were recorded with an 

acoustic sensor that was coupled to the steel socket. The rate of emission increased with 
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increasing load, see Figure 4.5 in the appendix. The peak of emission at t=100s is a sign 

of the movement of the LTM inside the socket. The amplitude of all the emissions at this 

point are below 50 dB, which is considered insignificant. At t=550s the slope of the 

emission rate increases, which indicates ongoing damage in the wire bundle or in the 

anchor. The emission rate (or hits), however, is not the critical information. The 

amplitude of the emission indicates the level of damage. Figure 4.6 in the appendix 

shows the load and the hits with an amplitude larger than 80 dB versus the time. It 

becomes obvious that with increasing damage the number of hits with an amplitude of 80 

dB or larger increases as well. 
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Fig. 4.4 Load-displacement diagram 

An inspection of the anchor parts after the test showed that the interface between the 

rubber and the aluminum oxide filler still creates an area of high stress concentrations that 

might trigger the first failure. Several radial cracks along this interface could be 

observed. In addition, the part filled with the rubber filler does not contribute to transfer 

axial stress to radial stress since its compressive strength is too low. Another method has 

to be found to reduce the stress concentrations at the interface between the front part of 

the LTM and the aluminum oxide-filled rear part. 
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Test Series 3 

In the next experiment, the specimen was modified to help transfer the stress from 

the axially loaded wires into the matrix. Several slender carbon fiber wires were inserted 

between the pattern of the wire bundle. Figure 4.7 shows the new arrangement of the 

wires. The inserted supporting wires were longer than the socket. There is an additional 

part of the socket, a collar consisting of a pure epoxy resin system, that extends the LTM 

by 120mm and covers all the wires. Figure 4.8 shows the schematic geometry. The idea 

behind this new setup is to transfer some of the applied axial stress from the main wires 

onto the smaller supporting wires between and to therefore reduce the stress 

concentration at the interface between the two LTM materials. 

supporting wire, inner circle 

  

O supporting wire, outer circle 

Fig. 4.7 Pattern of the wire bundle with supporting wires 

The total failure occurred at a load of 410 KN or 69% of the theoretical maximum 

load capacity. The first damage can be seen from the load displacement diagram at a load 

of 240 kN. The failure was again initiated at the front end of the LTM. It is assumed that 

the high radial pressure, acting at the front of the LTM on the wire, and the inconsistency 

in stiffness at the interface between the aluminum oxide filler and the pure resin material 

is triggering the failure. The insertion of the supporting wires increases the load capacity 

of the wire bundle, but the result is still not satisfactory. One reason for the high radial 

load at the front part of the LTM is the alteration of the geometry of the LTM during the 

curing cycle due to the shrinkage. The LTM has contact with the socket only at the front 

part of the filled area, and the rear end of the LTM has no contact at all. Also, the front 

part with the pure resin does not have any contact with the socket. The Teflon film 

indicates this clearly, see Fig. 4.18. This implies that the load transfer happens over a 

very short area and induces a high stress concentration on the LTM material interface. 
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This stress acts as a shear edge on the outer wires. Figure 4.8 shows also schematically 

the shrinkage of the LTM in a typical anchor. A possible solution is to machine the LTM 

out of a billet instead of using a cast LTM. The next test series describes the experiments 

performed with the machined anchor type. 

LTM 
pure resin 

  
  

  

Fig. 4.8 Schematic geometry and exaggerated shrinkage for test series 3 

Tests with a Machined LTM 

Test Series 4 

In this test series, the LTM was machined out of a block of PMMA (acryl-glass) on a 

lathe, see Fig. 4.19. The geometry for the LTM cone is modified. Now the front end of 

the cone is tapered off. The goal is to have an LTM in the socket in the unloaded state 

that has play at the front end and fits tightly at the rear end. This geometry reduces the 

destructive radial stress at the front end of the anchor. The wires are bonded into the 

drilled holes. Two experiments are performed with this setup. They differ in the 

geometry of the socket. The outside of the socket is conical for the second test. 

With the cylindrical socket, the measured failure load was 58%, whereas with the 

conical socket 62% of the maximum load could be reached. The increase of 4% is due to 

the conical shape and therefore due to the reduction of stiffness in the front end of the 

socket. The failure was again triggered by the radial pressure on the LTM in the front 

part of the anchor. The LTM was suffering compressive failure in the test. 

Test Series 5 

This test series differs from test series 4 only in the material used for the LTM; in 

this case PC (poly-carbonate) was used. The specimen with the cylindrical socket failed 
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at a load of 320 KN whereas the specimen with the conical socket failed at 344 kN. That 

is an increase in failure load of 4% for the socket with the conical surface. The failure 

was again triggered by destructive radial pressure on the LTM, similar to the test series 4. 

It is apparent that the main problem is the radial properties of the LTM material. In 

one case the LTM is to stiff and the front end geometry acts on the wires like a shear 

edge, see Series 2 and 3. In the other case, the LTM material does not provide the 

necessary compressive strength to transfer the applied axial stress, see series 1, 4 and 5. 

In the next test series, the LTM is made out of fiber reinforced plastic, in one case 

glass/polyester and in the other carbon/epoxy. 

Test Series 6 

Only one test was performed using a carbon fiber/epoxy LTM. The block was 

produced by bonding unidirectional prelaminated plates (T700/epoxy) of 2mm thickness. 

The cone was machined on a lathe with the axis of the cone identical to the fiber 

direction. The wires were bonded into the anchor as described in previous sections. The 

slope of the cone is linear and slightly larger than the slope inside the socket. The outside 

of the socket is cylindrical, see Fig. 4.20. The failure occurred at 64% (378 KN) of the 

calculated maximum failure load of the bundle. This time, the failure was triggered by an 

inter laminar shear break down in the LTM, see Figure 4.21. That implies that the 

bonding of the prefabricated laminates is too weak and that the radial pressure is not high 

enough to support or increase the shear strength of the LTM. In addition, the LTM 

material reaches its failure strain at the observed failure load. In the next specimen a 

different LTM material was chosen to prevent a failure due to the large wire strain at the 

front of the anchor. 

Two tests were performed using a glass/polyester LTM. The production of the LTM 

is similar to the one with the carbon/epoxy material. It is pointed out that the 

prelaminated glass/polyester plates are not unidirectional. Again a block is bonded and 

then machined to a conical shape. For the first test, the outside shape of the socket is 

cylindrical. The slope of the LTM cone is slightly larger than of the inside of the socket. 

The wire bundle breaks down at a load of 516 KN, that is 87% of the maximum strength. 

The failure is triggered by an axial split of one of the anchors. The same explanation as 

for the carbon fiber LTM holds true for this failure. 
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The test were repeated with a modified socket. The outside geometry now had a 

conical shape and the inside slope was changed to assure that the anchor is in full contact 

with the socket. The wall thickness of the socket was kept constant over the whole 

length. The test failed, unfortunately, through the break down of one of the sockets. The 

sockets have at the front end four holes with inside threads that are used to fix the wire 

bundles for transportation. The tangential stress in the socket exceeded its strength due to 

the stress concentration of these holes. The socket split open at the front end and 

damaged the wire. 

4.2.7 Discussion 

The experiments with anchoring a bundle of 7 wires show several important points: 

* The bond between the wires and the LTM performed well in all of the tests. An 

interfacial shear failure was not observed. For a LTM made of laminated plates of 

fiber reinforced plastic however, it can be seen that the interfacial shear strength is not 

sufficient to transfer the full load; the cone fails in shear. The failure can be attributed 

to the insufficient radial pressure to increase the shear strength, and to the bonding of 

the plates. 

¢ The unfilled epoxy LTM does not provide the necessary compressive strength. The 

LTM is crushed during the test. The cracks which are created result in damage of the 

wires and reduce their strength triggering the failure of the wires. 

¢ The filler improves the behavior of the socket but creates some significant problems. 

The compressive stress of the epoxy can be increased by adding aluminum oxide 

granules as a filler. At the front end of the socket, however, it is not possible to use 

the same filler. The high stiffness of the aluminum oxide acts at the load entry area as 

shear edge on the wire and 'cuts' it. An additional problem is the uncontrollable 

shrinkage of a cast anchor. This can lead to an ill-defined contact between the socket 

and the LTM and therefore to an unknown state of stress. At the interface between 

the filled and the unfilled LTM, an area of high stress concentration exists that 

damages the wires. 
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It is obvious that the choice of material for the LTM determines the strength of the 

anchor, where as the geometry of the cone is secondary. Despite the promising tests with 

the fiber reinforced plastic LTM, this design is not feasible for an industrial use due to the 

high production costs of the anchor. 

Several points become clear from the experiments. The material for the LTM should 

have a similar failure strain to the wires, that is 2.1%. The radial properties of the LTM 

should not be significantly different to the radial behavior of the wire to prevent stress 

concentrations due to the difference in properties. The radial stress induced by the slope 

of the socket has to be optimized. This can be done by changing the slope. The stiffness 

of the LTM should be compliant at the load entrance and stiff at the rear end of the 

socket. A larger cross section at the front end of the LTM helps to reduce stress 

concentrations due to the front end edge of the socket. If this cross section is too large, 

creep could reduce the long-term strength of the anchor. 

4.3 Anchorage of 19 Single Wires 

4.3.1 Introduction 

After performing several test with anchoring a bundle of 7 wires, the next step was to 

show that the same concept as used before can be applied successfully to a larger bundle. 

Therefore, 19 wires were arranged concentrically, see Figure 4.23. The same materials 

and the same schematic set up are used as before in the cast anchor. The size of the 

anchor is now larger, adapted to the larger wire, but the slope of the inside socket remains 

1:7. The geometry is shown in Figure 4.22. The LTM consisted of an epoxy resin 

system, partially filled with aluminum oxide granules, see Table 4.1 for the material 
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Fig. 4.22 Geometry of the anchor for 19 wire bundles, dimensions in mm 
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There were several variations performed. Two different materials for the wire were 

investigated. The manufacturer of the wires, AKZO, changed the production process. 

The information from the manufacturer states no changes in used materials. However, 

the appearance of the 'new' wires is slightly different from the ‘old' ones, the surface is 

more shiny for example. It is shown later, that there is a significant difference between 

the ‘old’ and the 'new' wires in their performance. Additional variations are performed 

with the inserted wires and the collar of pure epoxy resin system. 

The production of the anchor follows exactly the steps described in section 4.2.3 and 

in Figure 4.1. The wires are cut to length and cleaned with acetone. After arranging 

them into the placement disc and end cap of the socket, the supporting wires are added. 

The filler is poured into the socket, and the entire arrangement of the anchor is preheated 

to 60 °C before the resin is filled in. After curing the anchor, the wire bundle is turned 

and the second anchor is fabricated as described above. 

4.3.2 Experiments 

The specimens were tested with an Instron 1346 tensile test machine. Both sides of 

the wire bundle were attached to the testing machine with the threaded portion of the rear 

end of the socket. All degrees of freedom were fixed. Again, a Teflon film of 0.5mm 

thickness was inserted between the socket and the LTM cone to prevent stress 

concentrations due to particles and to reduce friction. 

The quasi-static load was applied with a constant displacement velocity of 2mm/min 

until the collapse of the bundle. The primary output of the test was a load displacement 

curve. Secondary information was gained by the strain gages that were applied to the 

steel socket. Again, an acoustic emission measurement was performed. In the following, 

a summarized description is given of each test. 

4.3.3 Results 

For all of the tests, the same socket was used. The socket geometry is given in 

Figure 4.22. The resin system used for the LTM is composed of 4 different components. 

The properties of the system can be controlled within a certain range. In the following 
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tests the resin system has been modified in order to find the most suitable properties. 

Also, there are two tests without the supporting wires between the wires, two tests 

without the pure resin collar at the front end of the anchor, and two tests use the ‘new’ 

carbon fiber wires. Table 4.3 gives an overview of the tests which were performed. 

Table 4.3 Overview of the test matrix 

  

  

  

Test I I Til IV Vv VI 

wire type ‘old’ ‘new’ | ‘old ‘old’ ‘old’ ‘new' 

resin system stand. | mod. | stand. | stand. | stand. | stand. 
  

collar “| } 4] “| - - 

sup. wires 1] J J “| - - 

failure load [KN] } 815 655 800 845 705 655 

  

                    

The theoretical failure load for 19 wires is 855 KN. The test results are promising; 

Three experiments delivered results above the demanded 92% of the maximum failure 

load. These results are absolutely repeatable. The following gives a short description of 

each test and its results. 

Test I 
  

The sample of the first test is made with the ‘old’ wire type and contains the 

supporting wires, see Fig. 4.23. The anchor has a pure resin collar at the front end and is 

partially filled with aluminum oxide granules, see Fig. 4.24. The anchor is cured for 6 

hours at 120° C. The failure occurred at 96% of the theoretical maximum tensile strength 

of the bundle. At 745 kN and 755 kN, first failures can be observed from the load 

displacement diagram. A closer inspection of the anchor shows that the high axial strain 

of the wires leads to circumferencial cracks in the collar and the unfilled matrix, see Fig. 

4.25. However, a clear separation of the filled and unfilled part of the LTM is not visible. 

The break appears to be triggered at the front end of the socket. Due to the high release 

of energy at the break itself, the anchor is destroyed at the front end. This is a secondary 

destruction which makes it difficult to determine afterwards the reason for failure. 
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Test Il 

In the second test, the 'new' wire type is used, the resin system is slightly modified 

and the filler is changed to another manufacturer. The geometry and the set up are 

similar to Test I. The failure is catastrophic, without a warning, at a load of 655 kN. This 

is equivalent to 77% of the maximum load capacity. The all wires fail outside the anchor, 

except for one wire which breaks inside the LTM. 

Test I] 

The same resin system and the wires as in Test I are used to evaluate the 

reproducibility of the results. The aluminum oxide filler is delivered from the new 

producer, as in Test II. The failure occurs in steps as before in Test I. The ultimate break 

down is at a load of 800 KN or 94 % of the maximum strength. In order to have a 

Statistical significance of the obtained results, a third test is performed. 

Test IV 

Test IV had an identical set-up as Test III. The failure happened at 845 KN which is 

98% of the theoretical possible strength of the bundle. Again, there was no obvious split 

of the filled and unfilled region of the LTM. The pure resin part of the LTM started 

cracking as soon as the load was applied and a delamination of the wires in the collar 

could be observed. It is not known if the cracks in the front part of the LTM inside the 

socket were created while loading the specimen or resulting from the recoil at the break. 

However, since all the cracks are circumferencial it becomes clear that they were not 

created as a result of exceeding the radial strength. It seems that the interface inside the 

LTM between the filled and unfilled region does not create a destructive stress 

concentration. In a next step, the supporting wires and the collar were removed from the 

anchor set up. 

Test V 

This experiment used the same arrangement as Test I, III & IV. It is different in the 

removal of the supporting wires and the pure resin extension at the front end of the LTM 
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(collar). It becomes obvious that the supporting wires add significantly to the load 

capacity of the anchor. The failure occurred at 705 KN of tensile load which is 

approximately 82 % of the maximum strength. There was no prior damage visible, the 

break down was catastrophic. 

Test VI 

In order to establish the statement that the wires of type 'new' performed less well 

than the wires of type ‘old’, an identical test to Test V is performed using the 'new' wires. 

The wire bundle collapses at 655 KN which is only 77% of the maximum load capacity. 

No damage prior to collapse is visible on the load displacement plots. 

4.3.4 Conclusions 

It has been shown that a bundle of 19 wires can be successfully anchored using the 

developed system. The supporting wires in between the wires and the extension of the 

pure resin region in front of the LTM are essential to reach a strength above the 92 % 

mark. During the test it can be observed that the matrix collar and the wires delaminate 

and circumferencial cracks appear in the collar. This indicates that the failure strain of 

the matrix is not sufficiently high. The obtained results, however, show that the 

debonding and cracking does not influence the capacity of the bundle. 

Two different types of wires, type 'new' and type ‘old’ are compared. The 

manufacturer of the wires assures that they are identical. Visual inspection discloses a 

difference in the surface finishing and the tests indicate clearly a significant difference in 

their mechanical behavior. 

The observation of the debonding and cracking of the collar during the test leads to 

the assumption that the supporting wires can be left out. The results show the contrary. 

Without the supporting wires, the stress concentration at the interface between the filled 

and the unfilled LTM becomes so destructive, that it triggers the failure of the bundle. A 
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computer tomography is done with one of the anchors used for Test V to determine the 

exact location of the breaks of the wires. Figure 4.26 shows the transition zone between 

the filled and unfilled region of the LTM. The dark spots indicate the holes of the 

missing wires. The series of computer tomographic images shows that the breaks take 

place at the interface. 

The acoustic emission measurement for Test VI does not reveal new information. 

The curves show an increase in emission rate with increasing load, but there is no 

warning that indicates the near failure. In this way, the acoustic measurement is not a 

useful tool to monitor the experiment. Figure 4.27 shows a typical curve of emission rate 

versus time. 

It is mentioned above that some of the tests are monitored using strain gages. The 

gages are fixed on the steel socket and on the wires. Figure 4.28 shows the arrangement 

of the gages. The results give direct information about the state of strain at the points 

where the gages are fixed to the socket. The results do not provide information about the 

state of strain or stress inside the cylinder. It is possible to use the results as boundary 

conditions for a finite element analysis and obtain the stress distribution inside the socket. 

However, the information that can be obtained by applying this method does not justify 

the effort. 

4.4 Summary 

The test results support several statements about the feasibility of the project. It is 

demonstrated that bundles of 19 wires can be successfully produced and tested. It also 

shows that the results are repeatable. There are however some difficulties that must still 

be overcome. 

The different experiments indicate the significance in material choice for both the 

wires and the LTM. Even a slight variation in the material parameters might lead to a 

reduction of load capacity. This can be a further problem in quality control. 
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The use of the supporting wires satisfies the need to reduce the average stress level in 

the front end of the anchor and helps to transfer the stress through the interface. 

However, it is essential to develop an LTM with a variable stiffness. This can be done by 

coating the filler with the same resin system that is used for the LTM. Different sizes of 

coating will result in a different package density of the aluminum oxide granules and 

therefore to a different stiffness. 

Throughout the experiments it has become clear that the quantitative information 

obtained is relatively poor compared to the costs and effort of the tests. A statement can 

be made about the failure load. The load displacement curve gives information about 

irregularities during the loading period. An investigation of the reason for the failure is 

difficult. The release of the strain energy leads to a sudden recoil that damages the 

anchor to an extent where it is not clear anymore which damage results from the test and 

which from the recoil. Additional methods of gathering information like acoustic 

emission measurement or strain gages do not disclose more information and have been 

proven to be inefficient. 
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CHAPTER 5. NUMERICAL ANALYSIS 

5.1 Introduction 

The development of an anchor system of orthotropic wires raises several problems 

related to the three dimensional stress and strain fields in the anchor. Due to the lack of 

efficient measurement methods, experiments do not provide results that lead to a 

description of the stress and strain fields. The analytical solution that describes the 

distribution of stresses and strains gives all the necessary information. However, 

mathematical difficulties prevent modeling the exact geometry that is used in the 

experiments. Therefore, a Finite Element Method analysis (FEM) is performed to verify 

the obtained analytical results. 

There appears to be very little published on the numerical analysis of wire anchors. 

There are several books available describing the behavior of twisted steel cables. 

However, none of them describes the anchor system or the analysis of it. A numerical 

analysis of an isotropic anchor can be found in Kim [!7] who models a single wire 

embedded in a conical anchor similar to the one used in the present analysis. Kim's model 

is two-dimensional, i.e. axisymmetric, and does not include orthotropic material for the 

wire. The results Kim obtains are therefore not applicable to the given problem. In the 

case of anchoring an orthotropic wire it is necessary to build a new model that considers the 

anisotropy of the wire and anchor materials, and that also describes the correct boundary 

conditions. 

The objective of this study is to develop and conduct a linear elastic finite element 

analysis that describes realistically the geometry used. Several different models and two 

different finite element software packages are used. First, an axisymmetric analysis is 

performed with a loaded single center wire with different mesh sizes. This provides 

information on the dependency of the results of the used mesh size in the analysis. Ina 

subsequent analysis, a smeared outer wire tube is added to the existing model. In one case 

this tube is not loaded whereas in the other case the tube is loaded. This shows the 

influence of an added, loaded tube on the stress distribution. All the analyses described 
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above are performed for two different sets of material, E-glass/polyester and carbon/epoxy 

using the ABAQUS finite element code together with the PATRAN pre- and post- 

processor. These are preliminary investigations that provide information on how a FEM 

model has to be built in order to map realistically the anchor used in the experiments. Ina 

third analysis, a symmetric wire of 19 loaded wires is modeled. The geometry is similar to 

the one used in the experiments. The previously obtained information is considered to 

optimize this model. The anchor system is described as two contact bodies. For this 

analysis the MARC finite element code is used together with the MENTAT pre- and post- 

processor. 

5.2 Finite Element Models 

5.2.1 Preliminary Model [ 

The first analysis is performed in order to obtain information on how the model 

behaves with different mesh sizes. The analysis is performed using the ABAQUS FEM 

code and PATRAN pre- and post-processor code. The author would like to thank Dr. Tsai 

for his help for this analysis. Five different cases are modeled as follows: 

- Case I: Global analysis, including a loaded single center wire embedded in a Load 

Transfer Media (LTM) which sits in a steel socket, see Figure 5.1. This analysis 

gives a general overview of the stress and strain conditions inside the anchor. 

- Case II: Local analysis, reduced model with the same mesh size as in Case I (course 

mesh), including only the loaded single wire and the LTM, see Figure 5.2. This 

analysis is to verify the use of a reduced model. 

- Case II: Local analysis, reduced model with a refined mesh, including a loaded 

single wire and LTM, see Figure 5.2. This analysis shows the influence of the 

mesh size on the results. 

- Case IV: Local analysis, reduced model with a refined mesh, including a loaded 

single center wire, non-loaded smeared outer wires and LTM, see Figure 5.2. This 

analysis investigates the change in stress distribution due to the insertion of a tube. 

- Case V: Local analysis, reduced model with a refined mesh, including a loaded 

single center wire, loaded smeared outer wire and LTM, see Figure 5.2. This 

analysis provides information on the behavior of the anchor system when the tube 

is loaded. 
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The geometry modeled ts two dimensional, exploiting the axisymmetry of the 

problem. Linear elastic, axisymmetric constant-strain elements are used for the numerical 

analysis. In order to maintain the two-dimensional model, the six surrounding wires are 

mapped into a cylindrical tube with the same cross-sectional area as the total cross-sectional 

area of the six wires and the same centerline distance from the main axis. The cylindrical 

tube is called the smeared outer wire. The bonding between the wires and the LIM is 

assumed to be perfect and infinitely thin, and the socket and the LTM have full contact 

along the line c-c in Fig. 5.1. The wires and the LTM are made of carbon/epoxy material 

systems. The LTM consists of unidirectional CFRP with the fibers oriented parallel to the 

load direction. The LTM is machined from a laminated block of material consisting of 

T300 fibers and an epoxy matrix. The CFRP wire is pultruded from T700 fibers in an 

epoxy matrix. The material properties are given in Table 5.1 in the appendix. The 

boundary conditions are shown in Figure 5.1 and 5.2. The rear end of the socket has a 

thread to be connected to a support structure. That is the FEM nodes on the surface of this 

area have no degrees of freedom. The wire is loaded at the front end with an uniform 

stress distribution over the cross section of the wire. The FEM nodes along the contact line 

c-c between the socket and the LTM belong to both, the socket and the LTM. By using a 

common node the no slip condition between the two bodies is considered. 
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Fig. 5.1 Geometry of Model I and Case I, dimensions are in mm 

5.2.2 Results for Model I 

The output plots of the analysis are shown in the appendix. For a complete list of 

figures and plots refer to [21,22], The figures listed in the appendix are representative for all 

plots. The analysis of Case I indicates that the transfer of stress is highly localized to the 

front end of the anchor, see Figure 5.5. The magnitude of the axial stress is higher than all 
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the other stresses. 90% of the axial load is transferred from the wire to the LTM by shear 

in the first 70 mm starting form the re-entrant point. The corner between the loaded wire 

and the LTM is a location of high stress concentrations due to the presence of a theoretically 

defined singularity at this point (at z=110 mm). A very fine mesh is required to determine 

the trend of the stress distribution in the vicinity of this singularity. Along the contact line 

(c-c) between the LTM and the socket, the stress magnitude is negligible, see Figure 5.6. 

The results obtained for Case I indicate clearly that it is justifiable to reduce the global 

model to a local model, considering only the front part of the anchor, see Figure 5.23. 

Case II, Figure 5.2, is designed to validate the reduction from the global model to the 

local model. The same mesh size is used as in Case I. The boundary conditions are 

modified. The back side of the rear end of the of the LTM is now constrained to slide 

along its plane. This allows free contraction of the LTM but no movement in axial 

direction. From the stress distribution contour plot, Fig. 5.24, it can be seen that the full- 

field stress distribution is reproducible and therefore the reduction is acceptable. In a next 

step the mesh of the reduced model is refined. 
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Fig. 5.2 Modeled geometries for the different cases, dimensions in mm 

Compared to the results of Case II the stress distribution in Case III, Figure 5.2, is 

smoother, see Fig. 5.7 (b). The magnitude of the stresses is similar sufficiently far away 

from the region influenced by the theoretical singularity for both cases. The magnitude of 
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the stresses in the region of the singularity have no physical meaning since the assumptions 

of continuum mechanics will not hold at this point. However, a refinement of the mesh 

reduces the region of uncertainty. 

In Case IV, Figure 5.2, a non-loaded smeared outer wire is added to the anchor. 

Again, an infinitely thin and perfect bonding is assumed. The stress distribution of Case 

IV does not show any significant differences compared to the stress distribution of Case 

III, see Figure 5.7 (b). It can be stated that the insertion of the non loaded smeared outer 

wire does not change the stress field of the anchor. 

When the smeared outer wire is loaded, the stress field changes significantly. The 

analysis of Case V, Figure 5.2, shows that in addition to the already existing stress 

concentration at the re-entrant point, there are two more points of stress concentration 

caused by the re-entrant geometry of the loaded smeared outer wire, see Figure 5.8 (a) at 

Z=100 mm and at z=78 mm. The magnitude of the axial stress along the interface between 

the loaded center wire and the LTM is increased as a result of the loaded smeared outer 

wire, see Fig. 5.8 (b). In comparison to Case IV, the radial and tangential stress in the 

center wire is now fluctuating between compression and tension, see Figures 5.8 (a) and 

(d). 

The analyses performed give several insights into the stress distribution. For the 

geometry used it is acceptable to reduce the model and perform the analysis with only the 

front-part of the anchor. The new applied boundary condition does not affect the general 

stress field. A refinement of the mesh size leads to a smoother stress distribution and 

reduces the area that is influenced by the theoretical singularity. For a non-loaded smeared 

outer wire, the stress field is not significantly affected. For a loaded smeared outer wire, 

the magnitude of all stress components except for the shear stress increase along the center 

wire. Two new points with high stress concentration are created at the re-entrant points of 

the loaded smeared outer wire. 

In a next step, the same geometry is used to perform a comparison of two different 

material sets for the LTM, a carbon/epoxy system and an E-glass/polyester system. The 

material for the wires is the same as in Model I. The results obtained are then compared to 

the results of Model I. 
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5.2.3 Model II 

The second analysis is performed in order to obtain information on how the model 

behaves with different orthotropic materials used for the LTM. The analysis is performed 

using the ABAQUS FEM code and PATRAN pre- and post-processor code. 

Three cases with two different materials for the LTM are performed as follows: 

- Case VI: Global analysis, including a loaded single center wire embedded in a 

Load Transfer Media (LTM) which sits in a steel socket. The geometry is similar to 

Case I. 

- Case VII: Local analysis, reduced model with a refined mesh size (as in Case II), 

including the loaded single center wire, non-loaded smeared outer wires and LTM. 

- Case VII: Local analysis, reduced model with a refined mesh (as in Case V), 

including a loaded single wire, loaded smeared outer wire and LTM. 

Once again the geometry is two dimensional, exploiting axisymmetry. See Figures 

5.1 and 5.2. Linear elastic, axisymmetric constant-strain elements are used for the 

numerical analysis. The six surrounding wires are mapped into a cylindrical tube as 

described in section 5.2.1. The material properties for the wire, the LTM and the steel 

socket are given in Table 5.2 and Table 5.3 in the appendix. One material used for the 

LTM is again a carbon/epoxy system, but with a reduced fiber volume fraction compared to 

the LTM material in Model I. The other LTM material is an E-glass/polyester material 

system. All three systems, the carbon/epoxy system with 60% fiber volume, the 

carbon/epoxy system with 51% fiber volume and the E-glass/polyester system are 

compared. The boundary conditions are those illustrated in Figure 5.1 and 5.2 and are 

similar to the ones used in Model I. 

5.2.4 Results for Model II 

In the global analysis, Case VI, the axial stress in the center of the wire transfers to the 

E-glass/polyester LTM more slowly than to the carbon/epoxy LTM, see Figure 5.9 (a). 

That is, the stress concentration for the axial stress at the re-entrant corner at the interface 

between the wire and the LTM is less severe for the E-glass/polyester LTM than for the 
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carbon/epoxy LTM. The difference of stress transfer rate is smaller along line b-b, see 

Figure 5.9 (b). Even for the more gradual transfer of axial stress from the wire to the LTM 

for the E-glass/polyester it is still valid to reduce the model. From the stress distribution 

contour plots it can be seen that the full-field stress distribution is reproducible for a 

reduced model, see Fig. 5.25. 

In the reduced model with the non-loaded smeared outer wire (Case VII) it can be seen 

that the E-glass/polyester LTM system is more sensitive to the existence of the smeared 

outer wire than the carbon/epoxy LTM. The radial- and the shear-stress distribution along 

the interface of the center wire and the LTM show a local increase in magnitude for the E- 

glass/polyester at the axial position of the re-entrant point of the smeared outer wire, see 

Figures 5.10 and 5.26. For the carbon/epoxy LTM this local change in stress magnitude 

can not be seen. 

For Case VIII, where the smeared outer wire is loaded, the stress fields show 

significant differences for the two LTM systems. The stress distribution of axial, radial 

and shear stress along the interface between the center wire and the LTM, Figures 5.11 (a), 

5.11 (b) and 5.11 (c), shows less sensitivity for the E-glass/polyester LTM than for the 

carbon/epoxy system. That is, the magnitude of the stress concentration and also the 

fluctuation is reduced for the E-glass/polyester LTM, see Figures 5.11 (c). 

The optimum load transfer medium has the following characteristics. The stiffness of 

the LTM varies along the axial direction. At the load entry area it is less stiff than towards 

the rear end. This results in a smaller stress concentration magnitude at the load entrance. 

To ensure a proper load transfer, the stiffness of the LTM increases towards the rear end in 

order to transfer the load through radial stress along the LTM surface to the socket and to 

prevent a crushing of the LTM. At the rear end of the LTM, a small area of reduced 

stiffness exists to adjust the stress concentration which 1s a result of the notch geometry. 

The results of the analysis of Model II show that the E-glass/polyester LTM has better 

load transfer characteristics than the carbon/epoxy LTM. The E-glass/polyester LTM is 

less sensitive to regions of high stress concentration and to inconsistencies of material or 

geometry. A comparison of the two different carbon/epoxy LTM (60% fiber volume 

fraction for Model IIT and 51% fiber volume fraction for Model D indicates no significant 

difference in stress distribution, see Fig. 5.11. For a complete list of figures and plots 

refer to [21,22], 
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5.2.5 Model III 

A third analysis is performed in order to obtain a more realistic picture of the actually 

used geometry, modeling a 19 wire anchor. The geometry is modified to match the 

geometry used in the experiments. Figure 5.3 shows the analyzed geometry. A 90° 

segment is modeled exploiting axisymmetry. The analysis is fully three-dimensional, 

including 7 wires, an isotropic LTM and a steel socket. Two cases are performed with 

different material properties for the LTM. In Case IX, the LTM consists of two different 

sections with two different materials and therefore different elastic properties, see Figure 

5.4 (a) and Figure 5.12. Case [IX is modeled to simulate the anchor that has been used in 

the experiments. With the two different materials for the LTM the load transfer media is 

expected to fulfill the conditions of an ideal LTM as described in section 5.3.2. In Case X 

the LTM is modeled as a sequence of 30 different materials with stepwise linear elastic 

properties to prevent the strong discontinuity in elastic properties in the LTM. See Figures 

5.4 (b) and 5.13. 

4 

mt Nn Oo 

—
 

‘o
O 

S
e
e
 

S
e
 

al
l 

    

  

Fig. 5.3 (a) Geometry of Model III, dimensions in mm 

  

Fig. 5.3(b) Geometry of Model II, dimensions in mm 
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The analysis is performed using a contact model where the wires and the LTM are 

considered as body 1 and the socket as body 2, i.e. the two bodies can slide without 

friction along the contact surface. Perfect and infinitely thin bonding is assumed between 

the wires and the LTM. 8-node linear elastic brick elements are used through out the 

analysis. The quarter model is mapped into 3600 elements. The number of elements is 

constrained by the capacity of the SUN-Sparc 10 used for the analysis. An axial stress of 

1500 MPa is applied using a ramp function with 100 steps. The material properties are 

given in Table 5.2. The calculations are performed using the MARC finite element code 

together with MENTAT pre- and post-processing software. 

  

1d Co KAN 

LTM, matrix pure LTM, matrix filled cable socket 

Fig. 5.4 (a) Used materials of Case IX, with two different stiff LTM materials 

  

Zz 

LN IED Cd 

LTM, matrix with stepwise constant E-modulus cable socket 

Fig. 5.4 (b) Used materials of Case X, with 30 different stiff LTM materials 

The boundary conditions can be seen in Figure 5.4. The rear end of the socket has a 

thread and therefore the FEM nodes on the surface at the rear end are fully constrained. 

The load is applied as uniformly distributed stress at the front end of the wires. The contact 
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surface between the LTM and the socket is frictionless, which allows the LTM to slide in 

axial direction inside the socket. 

5.2.6 Results for Model III 

In Case IX the axial stress of the center wire is significantly higher than the axial stress 

along lines further away from the center line, see Fig. 5.14. The axial stress falls almost 

linearly at the point z=50 mm for all the wires. 

The plot of the deformed geometry shows that the entrance region of the wires with the 

LTM is pulled a small distance out of the socket, see Figure 5.16. The radial stress in the 

‘free’ area is tensile, which indicates that debonding can be initiated in this region, see 

Figure 5.17 (a) at z=18 mm. At the entrance region of the partially pulled out LTM, the 

front end of the socket induces a high radial compressive stress concentration due to its 

notch geometry, see Fig. 5.17 (a) at z=23 mm. At z=18 mm is a local shear stress 

concentration, see Fig. 17 (b). This supports a possible debonding in this area. Again, it 

can be seen that the highest stress magnitude is at the interface of the outer wire and the 

matrix. 

Due to the coarse mesh and the specifics of the MARC subroutine for contact bodies, 

the result of the FE-analysis along the line of contact between the LTM and the socket are 

not smooth. Figure 5.15 is a good example of the non-uniform stress distribution. The 

contour plot of the radial stress distribution, see Figure 5.27, indicates clearly the local 

stress concentration at the contact line of the two different LTM materials. The stresses in 

this area are significantly higher than at the entrance region. Due to the coarse mesh, the 

line plots do not reflect that accurately, see for example Fig. 5.17 at z=55 mm. It is 

apparent that a failure will be triggered by the stresses in this area and not by the notch 

geometry at the entrance of the socket. In addition, Figure 5.27 shows also that the failure 

will be initiated at the interface of the two LTM materials and the socket. 

In Case X, the LTM is modeled with 30 different materials, see Fig. 5.13. As in Case 

IX, the magnitude of the axial stress of the center wire is higher than along axis parallel 

lines with increasing radius, see Fig. 5.18. Figure 5.19 shows the non smooth stress 
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distribution along the contact line of both bodies. The radial stress is maximum at the load 

entry region, along the interface between the two contact bodies, see Figure 2.20 (a). 

Further away from the front end, the radial stress distribution becomes almost constant in 

the radial direction. Figure 5.20 (b) shows again that the shear stress is maximum along 

the interface between the outer most wire and the matrix. 

The area of high stress concentration along the interface of the two different LTM 

materials in Case IX does not exist in Case X, see Fig. 5.28. This implies that the failure 

will be triggered by the notch geometry of the load entrance corner of the socket. At the 

rear end of the socket another area of high stress concentration exists, Fig. 5.29. It is 

dominated by the shear stress. This shear stress can initiate debonding along the outer 

wires. However, the shear stress contour plot indicates that the overall stress level in this 

area is lower compared to the level at the front end of the anchor. 

A comparison of the two Cases IX and X leads to the following observations: the 

average axial, radial and shear stress for Case X is approximately 30% lower than for Case 

IX, Fig. 5.21. Due to the coarse mesh and the limitations of the MARC subroutine for 

contact bodies, the results of the FE-analysis do not give quantitative information about the 

stresses along the interface of the two contact bodies, Fig. 5.22. The magnitudes of stress 

in the area of stress concentration at the load entrance are not significantly lower for Case X 

than for Case IX, Fig. 5.21. 

The results show two trends. The use of an LTM with a 'variable' Young's modulus 

leads to an overall stress reduction of 30%. In addition, the transition between the different 

LTM materials is much less severe for Case X where 30 different materials are modeled. 

In case [IX where only two different materials for the LTM are used, the step in stiffness at 

the interface of the two materials leads to a stress concentration. The second trend can be 

seen from the contour plots. The radial and shear stress level of the most outer wires is 

higher than for the wires inside the bundle. That means that the failure will be triggered at 

the interface of the outer most wires and the LTM. For a complete list of figures and plots 

refer to [23], 
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5.3. Comparison of Model III with Model I & II 

It is not meaningful to compare the results of this analysis with the results of Model I 

and Model Hl. The geometry of the load entrance region is significantly different. In Model 

III, the stress concentration is a result of the front end edge of the socket, acting as a notch 

on the LTM. In the other two models the LTM itself acts as a notch on the wires at the load 

entrance from the wire into the LTM. 

In addition, in Model I and II the geometry is reduced to a local analysis with modified 

boundary conditions. Due to the results obtained from Model IJ it does not seem to be 

appropriate to reduce the global geometry. To model a reduced geometry the boundary 

conditions have to be modified so that the values of displacement and stress along the new 

boundary are given for each new load step. The reduction in number of elements does not 

justify the enormous additional amount of computing time and effort to determine the new 

boundary conditions. 

For a global overview it seems to be appropriate to 'smear' the outer wires of the 

bundle to a cylindrical tube with similar cross section. However, it is important to realize 

that the surface of the single wires is about five times larger than the surface of the smeared 

wires. Since the surface determines the load transfer from the wires into the LTM, it 

becomes clear that the results obtained from a model with smeared wires can not give 

accurate numbers for the stresses. It provides only information about the position of areas 

with high stress concentration and a general overview of the stress distribution. 

5.4 Summary 

A finite element analysis is a tool to calculate the stresses and strains in a geometrically 

defined solid with given boundary conditions and material properties. It provides an 

insight over the stress and strain distribution for a given load. In the previous analyzed 

cases of an anchoring system, several points have to be considered. The geometry can be 

modeled only with a certain number of elements, restricted by the capacity of the used 

computer system. The boundary conditions can not be modeled correctly since they are not 

known completely. For example, the interface between the two bodies is assumed to be 
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frictionless, which does not represent the reality. In addition, the geometry of the re- 

entrant area creates a theoretical singularity, similar to the one in a crack tip but of different 

order. 

The above mentioned difficulties and short comings influence directly the accuracy of 

the finite element analysis. Therefore, the results are used to give an insight of the stress 

field distribution, the actual magnitudes of stresses and strains are not meaningful. 

However, the order of the obtained stresses and strains can be assumed to be correct. 

The analyses performed lead to several conclusions. From Model I it can be seen that 

there are two zones of high stress concentrations. Both areas are located at the re-entrant 

points of the wires to the LTM. The rear part of the anchor does not experience high 

stresses. Therefore only the front part is modeled with a refined mesh size. It becomes 

obvious that for a successful design of an anchor special attention is needed for the load 

entrance region. 

In Model II, two different orthotropic LTM materials are used, two carbon/epoxy 

systems and one E-glass/polyester system. A comparison of the results indicates that the 

E-glass / polyester system is less sensitive to areas of high stress concentrations. The 

magnitudes of stresses in the region of singularities is significantly lower then for the 

carbon/epoxy systems. Also the fluctuation of stresses, compression and tension, is for 

the E-glass/polyester system not significant. 

The geometry of the successfully used anchor types is analyzed in Model III. There, 

two different LTM types are used, one with two different stiff materials and one simulating 

a variable stiff LTM by using 30 different materials. For both cases, the stresses are higher 

along the outer wires then along the inner wires. The LTM is pulled a small distance out of 

the socket. At the edge of the socket, a region of high stress concentration exists. The 

edge acts as a notch at this point. Additionally, a high shear stress can be seen in this area. 

Where the LTM is pulled out of the socket, the radial stress in the LTM is tensile. That can 

result in debonding. In the case where the LTM is modeled with two different materials, an 

additional area of high stresses exists along the interface of the two materials. Experiments 

show that this interface area leads to failure. 

82



The analysis performed gives several hints for the design of a successful anchorage 

system. The geometry of the anchor is only secondary. It will be optimized once the 

materials are defined. The finite element analysis shows clearly that the choice of a proper 

material for the LTM is crucial for a successful anchor. The LTM system should have the 

following characteristics: At the re-entrant corner of the wires it should be compliant, 1.e. 

low Young's modulus, so that the notch geometry does not lead to failure. In addition, the 

radial expansion due to the tensile radial stress in this area should be suppressed to prevent 

debonding. In the middle section, the stiffness of the LTM should increase to allow the 

radial pressure of the anchor to act fully on the bonding of the wires. This assures a proper 

load transfer of axial load in the wires by shear to the LTM. At a small section of the rear 

end of the anchor. The LTM should become again compliant to balance the stress 

concentration induced by the edge of the LTM acting on the surface of the socket. 

Once it is technically possible to produce a LTM with a variable Young's modulus it is 

appropriate to evaluate also with finite element method the optimum slope, radii and 

embedded length of the anchor. Experimental results, however, show that the chosen 

geometry satisfies the given requirements. 
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CHAPTER 6. COMPARISON OF ANALYTICAL, NUMERICAL 

AND EXPERIMENTAL RESULTS 

6.1 Introduction 

The design process of any product is characterized by the analytical, numerical and 

experimental analysis of the problem. This applies also to the design of the anchors for 

composite fiber wire bundles. In this study, all three methods of analyzing the problems 

have been performed and it is in this chapter that the results are combined and evaluated 

to define a final design for the anchor. 

In chapter 2, an attempt is made to develop a closed form solution that describes the 

stress and strain field of an orthotropic anchor with an orthotropic wire. It is 

demonstrated that simplifications have to be used in order to overcome the numerical 

difficulties. The model that is developed describes the anchorage of a single transversely 

isotropic wire. The load transfer medium is also transversely isotropic. 

Chapter 4 describes the experiments, where bundles of 7 and 19 wires were 

anchored. The experiments were performed in a laboratory environment. The production 

of the anchors was done under extremely high quality control management and was very 

time consuming. In the future, when the use of this kind of anchors is industrialized, 

there is no guarantee for the maintenance of the same quality level. 

The numerical analysis is described in chapter 5. Two models evaluate the behavior 

of the anchorage of one center wire and an additionally added ‘smeared’ outer wire that 

replaces the 6 concentrically arranged wires. This model gives an overview of the stress 

distributions but does not map the actual anchor. A third model describes fully 3- 

dimensional the anchorage of the 19 wires. 

In the following, an attempt is made to connect the gained experiences of the three 

different methods. Therefore it is important to be aware of the similarities and 

differences in the methods and the used geometries and boundary conditions. The next 

section will describe the differences in geometry and assumptions for all methods used. 
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6.2 Differences In Assumptions And Geometry 

In order to be able to compare results obtained by different methods, it is essential to 

make sure that the same model is compared. That includes a geometry that is similar 

throughout the different calculations and also comparable boundary conditions. 

Section 2.4 ‘Simple Model’ describes the anchorage of a single wire, socketed in a 

cylindrically shaped load transfer medium. The obtained solution describes the stress and 

strain fields of an orthotropic wire embedded in an orthotropic matrix. The outside of the 

cylindrical matrix is fixed, i.e. the surface has no degree of freedom. 

The second analytical solution, see section 2.5, describes the anchorage of a single 

wire, socket in a conical shaped load transfer medium. The solution is also a function of 

the geometric variables that can be modified. The geometric boundary condition is given 

through a displacement condition. The displacement normal to the conical surface 1s 

force set to zero. Physically that means that the cone can slip inside an imaginary rigid 

socket without any friction. In addition, the interface between the LTM and the wire is 

assumed to be infinitely thin and ideally bonded. Figure 6.1 shows the geometry, the 

assumptions and boundary conditions. 

no displacement 

normal to surface, 

perfect and free displacement 

infinitely thin tangential to surface 

bonding 

    

   
   

  
| a | 
t 1 "| 

Fig. 6.1 Geometry, boundary conditions and assumptions for the analytical model 

There are three different models used for the finite element analysis. Two of them 

are identical in geometry and assumptions. The LTM is conical, without any boundary 

condition acting on its surface. The normal displacement of the rear end of the cone is 

fixed, where as the tangential displacement is not limited. The bonding between the wire 
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and the LTM is assumed to be ideal and infinitely thin. The material is assumed to 

behave linear elastic. The two models are different in the load boundary condition. In 

the first model, only one center wire is modeled and therefore loaded, whereas in the 

second model an additional 'smeared outer wire’ is added. In case two the load boundary 

condition is applied to both, the center wire and the smear outer wire. The models are 

two dimensional, exploiting the axisymmetry. Figure 6.2 shows the geometry and 

boundary conditions for the first two FEM models. 

no displacement 

normal to surface, 

free displacement 

perfect and tangential to surface 

infinitely thin 

bonding 

    

   

Fig. 6.2, Geometry and boundary conditions for the numerical analysis: Models I and II 

The third model used in the FEM analysis tries to map the real anchor. The 

geometry is similar to the geometry of the anchor for 19 wire bundles. It is a 3 

dimensional model, analyzing a 90 degree segment of the anchor. The interface between 

the wires and the LTM is assumed to be ideally and infinitely thin bonded. The interface 

between the LTM and the socket is modeled as frictionless. The displacement boundary 

condition is specified at the rear end of the cylindrical socket, all displacements are fixed. 

Again, all deformations are linear elastic. Figure 6.3 describes the geometry and 

boundary conditions for the third model. 

no displacement 

   

    

   

no friction 

perfect and 

infinitely thin 

bonding 

load 

  

  

Fig. 6.3 Geometry and boundary conditions for the numerical analysis: Model III 

86



For the experiments, it is not easy to describe the exact boundary conditions. The 

load condition is simple, the load is axially applied to the wires. The testing machine has 

the ability to measure also the applied torsion moment and correct it where needed. That 

allows to assure that there is no torsion acting on the wire. The displacement boundary 

condition is not completely known. The end of the socket is fixed to the testing machine 

with a thread in the outside of the socket. The elastic straining of the connection is 

unknown. However, for the numerical or analytical analysis it seems to be acceptable to 

assume a rigid connection without any displacement. The bonding between the interface 

of the wires and the LTM can be assumed to be infinitely thin and also perfect. The 

experiments have shown that the bonding quality is sufficient. The conditions at the 

interface between the LTM and the socket are unknown. The friction at this interface can 

not be neglected. The contact conditions between the two bodies is unknown since the 

geometry of the LTM alters during the curing process. Figure 6.4 shows the socket used 

for experiments and describes the geometry and the boundary conditions. 

friction, no displacement ? 

no clearly defined 

contact line    

      

   

perfect and 

infinitely thin 
bonding ? 

  

  

load 

  

  ~«—_—. 

Fig. 6.4 Geometry and boundary conditions of the anchor in the experiments 

It becomes clear that the three methods can not be compared directly in all cases. 

The geometry and / or the assumptions and boundary conditions are different in each 

case. However, the information obtained from the analytically extended model can be 

compared with the global FE-Models I&II. Both describe the anchorage of a single wire 

with a similar anchor geometry. It is also possible to compare the results from the FE- 

Model III with the experimental results. In both cases, the geometry and the load 

boundary conditions are identical. The displacement boundary conditions are not exactly 

identical but similar. Unfortunately, this comparison leads to another difficulty. 
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In order to compare results, it is not just essential that the models, the geometry and 

the boundary conditions are similar. It is also important, that the results obtained by each 

method are of the same unit. This condition is not satisfied in the case where the real 

anchor system for the 19 wire bundles and the FE-analysis are compared. The 

experiments give information about the failure load and the load as a function of strain. 

The strain as a function of applied load can be also obtained from the FE-analysis. 

However, the FE-analysis does not consider the slip of the LTM inside the socket due to 

the crushing of the Teflon inlay. There is also no failure criteria for the numerical 

method. Therefore, the failure load can not be predicted. 

6.3. Trends 

In this section, some of the conclusions from previous chapters will be summed up 

and compared to show tendencies of stress distributions and points of special interest. 

This will help to modify the design and to achieve the improvements. It also helps to 

focus on the points that create special difficulties. 

The experiments with the 19 wire bundle anchor show several tendencies and 

characteristics. The investigation of the destroyed anchors discloses that the failure is 

always triggered at the interface between the filled and the non filled part of the LTM. 

The finite element analysis supports the observed characteristics from the experiments. It 

can be seen that there is a region of high stress concentration at the interface of the LTM. 

A possible solution is an LTM with a linear variation of the Young's modulus along its 

axis. The FE analysis shows that an anchor with this modification experiences a 

reduction in the stress level of about 30%. 

In addition, the unsuccessful experiments, i.e. with a failure load less than 90% of 

the theoretical load capacity, indicate that the supporting wires are essential for a 

complete load transfer. The average radial and shear stress level is higher on outer wires 

than on the inner ones. That results in a higher sensitivity of the outer wire to stress 

concentrations created by notch geometries. The additional surface area of the supporting 

wires helps to carry the higher stresses at the outer wires. This reduces the sensitivity of 

the wires to stress concentrations. 
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The FE analysis of the 19 wire socket indicates another area of high stress 

concentrations at the rear end of the LTM. The experiments did not create any damage at 

this part of the cone. The inlay of a Teflon film might prevent the LTM from receiving 

damaged due to the high stresses created by the notch geometry of the LTM on the inside 

surface of the socket. 

6.4 Summary 

It has been shown that a comparison is not possible in general. Certain conditions 

have to be satisfied in order to compare different models or experiments. The 

experimental results can be compared only partially with the finite element analysis. The 

information obtained from the FE method shows where the highly loaded areas of the 

anchor are. It gives detailed information about the location of stress concentrations. The 

experiments confirm the location of high stress concentration. The damaged remaining 

parts of the anchor give limited information of the cause of the failure. However, since it 

is known through the FE analysis what to look for, the cause of the collapse can be 

evaluated and confirmed. 

The finite element analysis has also shown that a change of the LTM material 

towards an LTM with stepwise smooth (linear) change of stiffness reduces stress 

concentrations and lowers the average stress level in the anchor. The experiments 

indicate that the addition of supporting wires can reduce stress concentration at the 

interface in the LTM as well as the stress concentration due to the notch geometry at the 

load entrant region. 

It can be said that the FE Model III is a sufficient model to analyze the behavior of 

the anchor with 19 wire bundles. The interface between the LTM and the socket in the 

numerical model can be modified to include the Teflon film inlay and the friction. It 

should be also possible to include a failure criterion that helps to evaluate predictions for 

the failure load. The analytical solution gives valuable information about the stress 

distribution as a function of the geometric parameters. It can be used to optimize the 

geometry of a future anchor. 

89



CHAPTER 7. CONCLUSIONS AND FUTURE WORK 

7.1 Conclusions and Recommendations 

Problems with anchoring composite fiber wires, especially those made of high 

strength materials like carbon fibers, are evaluated through analytical, numerical and 

experimental methods. An analytical solution is developed for anchoring one centered 

wire in a cylindrical orthotropic matrix. The solution considers the Poisson effect and the 

applied boundary conditions. It is demonstrated that it is not possible to develop a closed 

form solution without simplifying assumptions. The solution reflects the reality only 

limited due to assumptions that are made. To obtain a basic understanding of stress and 

strain distributions the solution provides a simple tool to evaluate the influence of several 

geometric and material parameters. It is shown that the geometric parameters do not 

affect the load transfer significantly. The material properties however do change the 

stress distribution. It is shown that for a fiber reinforced load transfer media (LTM) with 

similar material properties as for the wire, a major part of the load is transferred into the 

LTM right at the load entry area. For a comlient material like an isotropic epoxy LTM, 

the load transfer takes place mainly at the rear end of the anchor. 

A second analytical model is developed that includes the conical geometry of the 

LTM. The analytical solution, however, can not be explicitly evaluated due to the 

extreme complexity and computationally expensive expressions. 

Several material systems for the LTM are investigated. It is shown that the use of 

fiber reinforced LTM is not practical. The production of such anchors is very time 

consuming and expensive. Holes have to be drilled with a radius to depth ratio of about 

1/70. The conical shape of the LTM is then machined on a lathe. The advantage of a 

fiber reinforced LTM is the similarity of the material properties to those of the LTM and 

the wires in axial and radial direction. On the other hand, the cast anchor has the 

advantage of a simple and inexpensive production, and can be fabricated on the 

construction site. In the experiments it is demonstrated that the cast anchor satisfies the 

given requirements to a degree where the advantage of the production exceeds the draw 

back of the differences in material properties. 
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The experiments were expensive and their value for producing quantitative data is 

limited. Measurement techniques such as the use of strain gages or acoustic emission 

measurement have been shown to be unsuccessful. The information obtained from 

experiments is the ultimate failure load and sometimes the failure mode. The failure 

mode is difficult to determine because the anchors get severely damaged due to the recoil 

at the breakage of the bundle. With the use of computer tomography it is shown that the 

initiation of the failure occurs at the interface in the LTM. A solution is proposed to 

prevent breakage at this interface. 

The numerical analysis demonstrates the difficulties of modeling larger structures 

with more than 3000 elements. An iterative process for contact problems with about 300 

elements can take up to 30 hours on a workstation like a SUN Sparc 10. It is therefore 

important to prepare the analysis wisely in order to obtain the maximum from it and to 

prevent a waste of time and resources. 

The stress and strain distribution obtained from the finite element analysis shows 

several points of high stress concentration. The interface in the LTM is experiencing 

high stresses. The stress level is lowered significantly by creating an LTM with a smooth 

transition of the material properties along the axis. This can be done by coating the filler, 

in this case aluminum oxide, with the same resin system that is used to cast the anchor. A 

different packing density can be achieved with a different coating size, and therefore a 

smooth transition could be obtained from the compliant front end towards the stiff rear 

end of the LTM. 

The dramatic stress concentration at the load entry point is created by the notch 

geometry of the design. It affects dramatically the load capacity of the anchored wire 

bundle. It is demonstrated that the insertion of supporting wires in between the wires and 

an addition of a pure resin collar at the front end of the LTM leads to an elimination of 

the problem. The supporting wires and the pure resin collar have been experimentally 

proven to be essential to the system 

The rear end of the LTM, where the edge of the cone is squeezed by the socket, is 

another area of high stress indicated by the FEM results. The experiments do not show 

any influence from the high stresses acting there. A debonding or destruction of the LTM 
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is not visible. The inserted Teflon film reduces the effect of the notch geometry at this 

location so that the stresses do not lead to any damage. 

The LTM experiences a change in shape due to the shrinkage of the resin system. 

This results in a surface that does not follow a straight line of evolution. The cone, 

therefore, is not always in contact with the socket at all points of the surface. This leads 

to a stress and strain distribution that is difficult to model with numerical or analytical 

methods. It also creates problems in optimizing the slope of the LTM and socket. The 

experiments, however, indicate that the uneven stress distribution due to the different 

shaped surfaces is reduced through the use of a Teflon film. 

While performing experiments, it became clear that the choice of the materials 

influences the results significantly. Two types of wires are used, both of them declared to 

be identical by the manufacturer. The difference in performance is surprisingly large. 

The difference in treatment of the wires during their production results in significant 

changes in performance. It is not usually possible to obtain information about the seizing 

process or the chemicals used. It is also not possible to influence that process. It 

becomes obvious that special attention is required in the choice of material and that the 

design is very sensitive to even small changes in the wire properties. 

With the presented design of a cast anchor, a solution is given to anchor high 

strength wires in a way that is cost effective, producible and does satisfy the given 

requirements. However, the design process is not concluded yet. There is still work to be 

done. This dissertation is thought to show a direction for future applications of high 

strength wires and provides basic information on the behavior of anchors, their stress and 

strain fields and load transfer characteristics. 

7.2 Future Work 

With the development of more powerful computers and mathematical software such 

as MATHEMATICA it will be possible to develop an analytical closed form solution 

describing the stresses and strains in the anchor without being forced to use 
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simplifications. More investigation will be done with numerical methods to optimize the 

geometry and the material properties of the LTM. It is also suggested that both methods 

are used to develop a failure criteria that realistically describes the behavior of the anchor. 

In a next step it is essential to find a solution for the coating of the filler spheres in 

order to produce an LTM with a variable stiffness. This will allow successful 

performance during fatigue testing. 

In order to produce cost effective anchors, it is suggested to investigate the scaling 

effect of the anchor design. This implies tests anchoring bundles of 7, 19 and 37 wires 

with congruent design of the LTM and the sockets. 
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Table 5.1 Material properties of Model I 

Load transfer media (LTM): 

  

    
  

    
  

  

E, = E; 9000 MPa radial modulus of elasticity 

E,=E, 113000 MPa axial modulus of elasticity 

E3 = Fy 9000 MPa tangential modulus of elasticity 

Vi2 0.0167 Poisson's ratio 

V43 0.32 Poisson's ratio 

V23 0.21 Poisson's ratio 

Gi2 6500 MPa shear modulus 

G13 4000 MPa shear modulus 

G3 6500 MPa shear modulus 

» 60 % fibre volume content 

CFRP wire: 

E, =E, 9500 MPa radial modulus of elasticity 

E> =E, 165000 MPa axial modulus of elasticity 

B3 = E; 9500 MPa tangential modulus of elasticity 

V12 0.0127 Poisson's ratio 

V13 0.32 Poisson's ratio 

V23 0.22 Poisson's ratio 

Gi? 6200 MPa shear modulus 

G13 4000 MPa shear modulus 

G3 6200 MPa shear modulus 

68 % fibre volume content 

Steel socket: 

E 210500 MPa modulus of elasticity 

Vv 0.3 Poisson's ratio 
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Table 5.2 Material properties of Model II 

Load transfer media (LTM), E-glass/ Polyester: 

  

  

E, =E; 11000 MPa radial modulus of elasticity 

E,=E, 26600 MPa axial modulus of elasticity 

BE, =— 11000 MPa tangential modulus of elasticity 

Vi12 0.1237 Poisson's ratio 

V13 0.32 Poisson's ratio 

V23 0.29 Poisson's ratio 

Gj? 4000 MPa shear modulus 

G13 2400 MPa shear modulus 

G23 4000 MPa shear modulus     

Load transfer media (LTM), Carbon / Epoxy: 

  

  

FE, =E, 9500 MPa radial modulus of elasticity 

Ey = Ez 129000 MPa axial modulus of elasticity 

BE3=—E 9500 MPa tangential modulus of elasticity 

V12 0.0168 Poisson's ratio 

V13 0.32 Poisson's ratio 

V23 0.22 Poisson's ratio 

Gi2 4600 MPa shear modulus 

Gi3 3000 MPa shear modulus 

G3 4600 MPa shear modulus 

o 51% fibre volume content   
  

The material constants for the CFRP wire and the steel socket can be 

seen from Table 5.1 
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Table 5.3 Material properties of Model II 

  

  

  

  

  

      

  

    
  

  

Load transfer media (LTM): 

Case IX, Material I 

E 4000 MPa modulus of elasticity 

Vv 0.34 Poisson's ratio 

Case IX, Material I . 

E 15000 MPa modulus of elasticity 

V23 0.3 Poisson's ratio 

Case X, properties are stepwise constant, linear distribution in 30 steps 

between the properties of material I and material I] of case IX. See Figure 

3.13 

CFRP wire: 

EK, =E, 8000 MPa radial modulus of elasticity 

Ey = E, 165000 MPa axial modulus of elasticity 

E,=E, 8000 MPa tangential modulus of elasticity 

Vi2 0.01212 Poisson's ratio 

V13 0.3 Poisson's ratio 

V23 0.25 Poisson's ratio 

Gi2 8000 MPa shear modulus 

G13 5000 MPa shear modulus 

G3 8200 MPa shear modulus 

o 68 % fibre volume content 

Steel socket: 

E 210500 MPa modulus of elasticity 

Vv 0.3 Poisson's ratio     
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(a) 

* cutting the wires is 
¢ cleaning the wires with acetone 

* arranging the wires with a placement disc 
* closing the socket with an end cap placement disc 
¢ inserting the bundle in the socket 
* pouring the filler into the socket (where it applies) 

* pouring the resin into the socket 

* applying a weak vacuum 

* curing the anchor 

  
      

end cap vacuum 

_—- ——) 

Fig. 4.1 Schematic description of the production process for a typical anchor 
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Fig. 4.6 Acoustic emission rate (amplitude > 80 dB) and load versus time 

106 

  

1000 

800 

600 

400 

200 

15 

Hi
ts
 

Hi
ts

 
> 

80
 
d
B



  
  

Fig. 4.9 Socket with connection thread, end cap with machined pattern & vacuum port 
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Fig. 4.10 Assembled wires, socket and end cap 
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Fig. 4.12 Rear end of the socket with end cap and vacuum port 

108



  

  
Fig. 4.14 Pouring the resin into the pre-heated socket 
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  Fig. 4.16 Epoxy and epoxy/aluminum oxide anchors after tensile testing 
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Fig. 4.17 Epoxy anchor filled with aluminum oxide and EPDM-rubber granule 

  
Fig. 4.18 Teflon film after the test, squeezed rear zone and minor damaged front zone 
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Fig. 4.19 PMMA anchors after the test 

EE =" © ae, 

Fig. 4.20 Carbon fibre anchors, arranged cable bundle with socket and placement discs 
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Fig. 4.21 Section of carbon fibre anchor, shear failure of the cable bundle 

  

Fig. 4.23 Section of a 19 cable bundle; cables, supporting wires & aluminum oxide filler 
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Fig. 4.25 Pure epoxy collar with attached strain gages and circumferencial cracks 
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Fig. 4.26 Computer tomographic sections of the anchor, 4 cuts in the transition zone of the 

unfilled and the filled area of the LTM 
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Fig. 4.27 Typical acoustic emission rate curve, emission rate and load versus time 
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Fig. 4.28 Socket with attached strain gages and rear end tread 
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Fig. 5.13 Boundary conditions and material properties of case
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Fig. 5.14 Axial stress distribution along line 1, 8 and 11 (contact line) for case IX 
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Fig. 5.19 Stress distribution along the contact line (between LTM and socket) for case X 
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