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1 INTRODUCTION 
 
Post-tensioned concrete has proven to be a durable 
and economical form of construction. However, 
many bonded post-tensioned concrete bridges have 
been reported to have ruptured tendons due to corro-
sion (Concrete Society 2002, Great  Britain 
Highways Agency et al., 1999, NCHRP, 1998). In 
some extreme cases this led to a structural collapse 
(Woodward and Williams, 1989, Concrete Society 
2002). While much of the effort has been focused on 
developing corrosion detection techniques, little at-
tention has been paid to assessing the structural ca-
pacity of bonded post-tensioned concrete structures 
with ruptured tendon. A ruptured tendon is able to 
re-anchor into the surrounding grout, which is main-
ly designed as a corrosion protection, and, as a re-
sult, contributes to the residual structural capacity of 
the structure (Highway Agency, 1995, Buchner and 
Lindsell, 1987). This is because of activation of the 
bond between grout and post-tensioning steel after 
rupture.  

A number of structural assessment studies used 
pre-tensioned models or empirical bond slip rela-
tions to approximately estimate the re-anchorage 
length (Cavell and Waldron, 2001, Coronelli et al., 
2009). In some cases, re-anchoring of ruptured ten-
don is completely neglected (Jeyasehar and 
Sumangala, 2006, Zeng et al., 2010, Watanabe et al., 
2011). This is attributed to the lack of models re-
garding the re-anchorage phenomenon of the rup-
tured tendon in post-tensioned concrete beams. 
Wrong estimation of re-anchoring phenomenon of 
the ruptured tendon influences the prediction of 

structural behavior of post-tensioned concrete 
beams. Therefore it is important to develop a model 
to describe re-anchoring of ruptured tendon. The 
model will facilitate the understanding of the beha-
vior of post-tensioned concrete beams having rup-
tured tendons as well as the prediction of their resi-
dual structural capacity. 

2 BOND IN GROUTED POST-TENSIONED 
CONCRETE ELEMENTS 

The bond between steel and grout is attributed to 
three factors: adhesion between steel and grout, fric-
tion between steel and grout, and mechanical resis-
tance. The adhesion is the chemical and physical 
reaction between cement paste and steel surface. It 
always has insignificant influence on load-
deformation response because the adhesion fails af-
ter very small relative slip (Marti et al., 2008). The 
mechanical resistance only contributes in bond when 
deformed steel is used. So, the dry friction between 
steel and grout is largely responsible for the transfer 
of stress into the surrounding materials. 

Geddes and Soroka tested 19 beams to study the 
effect of the grout properties on the transmission 
length and to investigate the structural behavior of 
bonded post-tensioned concrete beams (Geddes and 
Soroka, 1963, Geddes and Soroka, 1964).  Their re-
sults showed that the transmission length is indepen-
dent of time, and it is affected by the compressive 
strength of the grout. 

(Schupack and Johnston, 1974) carried out a se-
ries of tests to find out the bond development length 
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of a grouted 54 strand post-tensioned tendon in 
curved duct.  

The controlled demolition of Taf Fawar Bridge 
and monitoring of Basingstoke, Orpington and Ab-
ercynon bridges were reported in (Buchner and 
Lindsell, 1987) and (Buchner and Lindsell, 1988) re-
spectively. The results revealed important informa-
tion about the damage that might be caused to a 
structure suffering from corrosion. It was found that 
the ruptured tendon is able to re-anchor into sur-
rounding material over a certain length known as the 
re-anchorage length. The re-anchoring of a ruptured 
tendon was found to depend on grout condition, fric-
tion between individual wires or strand within a ten-
don, and the level of confinement provided by shear 
links. 

Euro-International Committee for Concrete 
(CEB) and International Federation for Pre-stressing 
(FIP) introduced a model of bond between concrete 
and the tendons the outer surface of sheathing (CEB-
FIP MC90, 1990). In reality the bond actually occurs 
between steel and grout rather than between steel 
and concrete.  

The UK Highway Agency proposed an empirical 
relation to estimate re-anchorage length conserva-
tively (Highway Agency, 1995). The relation mod-
ified the (BS 5400 - 4, 1990) transfer length model 
for pre-tensioned concrete element to account for 
multi-strand tendons. The model assumes linear dis-
tribution of tendons stresses over the re-anchorage 
length.  
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 (Belhadj and Bahai, 2001) performed a Finite 
Element model and experimental investigation to 
study the movement of smooth pre-stressing bar em-
bedded in grout. The study demonstrated the impor-
tance of friction in controlling the slip of pre-
stressing steel in grout. 
 (Marti et al., 2008, Luthi et al., 2008) investigated 
the effect of emulsfiable oils, which is used as a 
temporary corrosion protection, and the types of 
ducts on the bond behavior of the bonded post-
tensioned tendon.  

All the reviewed literature addressing the bond of 
post-tensioned tendon had aimed to study the influ-
ence of some parameters on the bond mechanism ra-
ther than developing a model for bond. Therefore the 
aim of this study is to propose a model that describes 
the re-anchoring of ruptured bonded tendon in post-
tensioned concrete elements. This paper presents a 
theoretical model simulating the re-anchoring phe-
nomenon. The model is 2D with linear materials 
properties. The results of the models were compared 
to previous experimental data and DMRB - BA 
51/95 model (Highway Agency, 1995). 

3 THEORETICAL MODELLING OF THE BOND 
OF RUPTURED POST-TENSIONED TENDON 

The transfer of force from ruptured tendon/s to the 
post-tensioned concrete units follows the same be-
havior as in pre-tensioned concrete elements. The 
only difference is that the post-tensioning steel is 
surrounded by grout, duct and concrete. 

When the tendon is ruptured, the tendon’s section 
at the rupturing point tries to return to the original 
diameter, whilst within the re-anchorage length, the 
tendon diameter varies as a result of Poisson’s effect 
forming a wedge shape (Janney, 1954). The increase 
in the diameter exerts a radial pressure onto sur-
rounding materials (i.e. grout, duct, and concrete). 
The exerted pressure produces a frictional compo-
nent which helps in transferring the force in the rup-
tured tendon gradually into the surrounding material 
over the re-anchorage length. This action is known 
as wedge action or  Hoyer effect (Gilbert and 
Mickleborough, 1990), it enhances the possibility of 
re-anchorage of the ruptured tendon and thus the 
structural capacity of the post-tensioned concrete 
element. 

To find out the distribution of forces along the 
ruptured tendon, the compatibility conditions and 
equilibrium of forces need to be satisfied at each in-
terface, i.e. the interface between pre-stressing steel 
and grout, the interface between grout and duct and 
the interface between duct and concrete. 

3.1 Compatibility conditions 

Compatibility conditions can be satisfied by ex-
amining the radial deformation at each interface. 
Radial deformations are calculated by considering 
the post-tensioning steel as a solid cylinder confined 
by a hollow grout cylinder with uniform thickness, 
both of them are surrounded by a duct and hollow 
concrete cylinder with external radius equal to con-
crete cover, (Figure 1), (Janney, 1954). 

 

 
Figure 1: Post-tensioned cylinders and interfaces 

 
The radial deformation of hollow cylinder sub-

jected to the internal, external and longitudinal 
stresses can be expressed as follow based on the 
thick-wall cylinder theory, (Figure 2), (Timoshenko, 
1976): 
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Figure 2: Hollow cylinder 
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Compatibility at interface 1: Between pre-stressing 
steel and the grout 

At the interface between the pre-stressing steel 
and grout, the two cylinders must satisfy the compa-
tibility condition, that is, the outer perimeter of steel 
must be equal to the inner perimeter of hollow grout 
cylinder after the radial deformation. 

1 1 1, ,s r s g r gr u r u    (3) 

Radial deformation of the outer diameter of post-
tensioned bar can be get as follow: 
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Inner diameter of the grout cylinder deformed by: 
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 (5) 

Stress at any section in grout, duct, and concrete can 
be given by assuming uniform distribution as fol-
lows: 

s s
g d c

b

f A
f f f

A
    (6) 

where: 
 

b g d cA A A A     

Substituting deformations of steel radius and grout’s 
inner radius in the compatibility equation of inter-
face between the two materials gives: 
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 (7) 

For simplification equation (7) can be written in 
form of: 

1 1 2 2 3 3 1 0C p C p C p K     (8) 

Compatibility at interface 2: Between Grout and 
duct 

Here the outer radius of grout cylinder should 
equal the inner radius of the duct after deformation. 

2 2 2 2, ,g r g d r dr u r u    (9) 

Substituting radial deformations (from equation (2)) 
into the compatibility equation yields: 
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 (10) 

By substitution of stresses in grout and duct using 
equation (6), equation (10) can be rewritten as: 

4 1 5 2 6 3 2 0C p C p C p K     (11) 

Compatibility at interface 3: Between duct and con-
crete 

 
The duct outer radius must be equal to the inner 

radius of the concrete cylinder after the deformation. 

3 3 3 3, ,d r d c r cr u r u    (12) 

Substitution of deformations at the interface (i.e. 

3 3, ,  r d r cu and u ), the compatibility equation gives: 
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This equation can be expressed as follows: 

7 1 8 2 9 3 3 0C p C p C p K     (14) 

Equations of compatibility at each interface can be 
written in matrix form: 

1 2 3 1 1

4 5 6 2 2

7 8 9 3 3

0

C C C p k

C C C p k

C C C p k

     
           
          

 (15) 

Solving the compatibility equation (15) gives the 
magnitude of radial pressures p1, p2 and p3. p1 can be 
written in the following form: 

1 sp A Bf   (16) 

Where: A and B are coefficients that depend on 
both physical and geometrical properties of the 
components of the post-tensioned concrete element, 
(i.e. concrete, duct, grout and post-tensioning steel). 

3.2 Equilibrium conditions 

Difference in stresses at ends of a definite ele-
ment dx of pre-stressing steel in the re-anchoring 
zone develops a tensile force. The frictional bond 
force resists the slippage caused by the tensile force 
as shown below in Figure 3. 

 

 
Figure 3: Stress on post-tensioning steel bar 

 
The equilibrium for the forces acting on this ele-

ment is shown below. To account for voids in grout, 

it is appropriate to deal with contact area by intro-
ducing a reduction factor of alpha (Į) to maintain the 
contact area.  
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where: 
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The bond stress is also dependant on the normal 
stress which is exerted after the rupture as it de-
scribes by Coulomb’s law of friction. 

1buf p  (19) 

Combining equation (18), (19) and (17) gives: 
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Substitute (16) on (20) yields: 
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Integration of both sides yields: 
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(21) 

Equation (21) estimates the re-anchorage length 
when the stress in the pre-stressing steel fs is substi-
tuted by the effective pre-stress fse. It is also gives the 
distribution of stress in the tendon along the re-
anchorage length in post-tensioned concrete ele-
ment. 
 Validation of this model will be carried in the fol-
lowing section against: 

1) Finite Element model. 
2) The UK Highway Agency  BA51/95 model 
3) Previous experimental data (Geddes and 

Soroka, 1964) 
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4 FINITE ELEMENT BOND MODELLING OF 
RUPTURED POST-TENSIONED TENDON 

To model the re-anchoring of a ruptured tendon, the 
compatibility equation has to be solved at each inter-
face between any two cylinders (for example m and 
n). The radial deformation at perimeter of cylinder m 
at interface it should equal the radial deformation at 
the perimeter of cylinder n, equation (22). 

, ,i ir m r nu u  (22) 

where: the radial deformation is a function of the 
applied normal and shear stresses are as shown be-
low.  

 , , , , ,r r z rz r zu f          (23) 

In the longitudinal direction z, the slip s at a cer-
tain section is defined as the relative displacement 
between the two cylinders at the interface at that 
point. 

m n

m n

m n

df dfds

dz E E

or

ds

dz
 

 

 

 (24) 

To solve these equations at each section along the 
tendon length, The ANSYS FE package was used. 
The problem was defined as an axi-symmetric model 
similar to the thick-wall cylinder. All of the mate-
rials (i.e. concrete, steel, grout, duct and end-plates) 
were modeled using 8-node elements with linear ma-
terials properties. 

  

                                                                                 
Figure 4: Details of axi-symmetric FE model  

 
In this study, steel-grout, grout-duct, and duct-

concrete interfaces were defined using surface-to-
surface contact elements.  

The contact between any two bodies occurs when 
the normal distance between two pairs of points on 
these bodies lies within specified tolerance. This 
normal distance is known as the penetration un, it 

depends on normal pressure p and contact stiffness 
kn. When the normal distance is positive “gap”, se-
paration occurs and the contact pressure is set to ze-
ro. The normal contact behavior can be described in 
form of equation (25). 

0  0

 0
n

n n n

if u
p

k u if u


  

 (25) 

The Coulomb friction law was used to model tan-
gential behavior between steel and grout with zero 
cohesion as shown in equation (26). Other contact 
interfaces (i.e. grout-duct and duct concrete) were 
considered to be fully bonded. The slip takes place 
when the tangential deformation between two con-
tact pairs exceeds the specified tolerance.  

p   (26) 

The coefficient of friction Ø between grout and 
steel was found to be higher than the one between 
concrete and steel by 5% (Rabbat and Russell, 
1985), thus the value of 0.42 is used for this model. 

An augmented Lagrange multiplier algorithm and 
Penalty method were used to solve both the normal 
and tangential behaviors of the contact surface, re-
spectively.  

The post-tensioning stress was modeled by apply-
ing an initial stress in the steel elements in the mod-
el. The element birth and death technique within 
ANSYS’s environment was used to deactivate and 
activate the elements composing the grout prior to 
applying pre-stresses and during the analysis, re-
spectively to simulate the grouting process. 

The modeling of rupture was carried out by intro-
ducing fully bonded surface-to-surface contact ele-
ments at the rupture location. The rupture of the ten-
don was then simulated by deactivating the contact 
elements. 

A full Newton-Raphson solver with un-
symmetric matrix storage was used to solve the 
model statically.  

5 RESULTS AND DISCUSSION 

The model results were compared with the expe-
rimental data given in the work of (Geddes and 
Soroka, 1964) and the DMRB - BA 51/95 model 
which is recommended by the Design Manual of 
Road and Bridges (Highway Agency, 1995) as 
shown in Figure 5.  

Theoretical and experimental re-anchorage length 
was estimated at 95 percent of the average maxi-
mum strain (95% AMS) method (B.W. Russell and 
Burns, 1993) 

For the same properties of the post-tensioned 
concrete beam which is described in (Geddes and 
Soroka, 1964), the axi-symmetric FE model pre-
dicted the re-anchorage length to be 1.45 m in com-
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parison to the experimentally measured re-anchorage 
length of 0.99 m. On the other hand the theoretical 
model estimated the re-anchorage length to be 1.29 
m. BA 51/95, however, has overestimated re-
anchorage length by about 125% (i.e. 2.22 m) in 
comparison to experimental measurements and 
about 50% and 70% in comparison to the proposed 
FE and theoretical models, respectively. 
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Figure 5: Tendon stress distribution over re-anchoring zone 

 
The difference between theoretical and FE curves 

of stress distribution can be mainly attributed to the 
occurrence of slip, which is not considered in the 
theoretical model. See Figure 6. 
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Figure 6: Slip at grout/steel interface 

5.1 Non-linear behavior of grout  

The circumferential stresses in the grout adjacent 
to the steel/grout interface were plotted in Figure 7. 
The results show that the circumferential stresses at 
the rupture location reach values exceeding the grout 
tensile strength. This indicates that cracks will be 
present in the radial direction in the grout; therefore 
the non-linear behavior of the grout needs to be con-
sidered to simulate the re-anchorage phenomenon 
correctly.   
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Figure 7: Circumferential stresses in grout  

 
One of the disadvantages of the axi-symmetric 

model, is that, the number of radial cracks has to be 
assumed in order to account for the non-linear beha-
vior of concrete (Lundgren, 2005, Ruiz et al., 2007) . 
This phenomenon can be conveniently modeled us-
ing 3D finite element analysis to account for the 
non-linear materials behavior as well as the different 
geometric shapes. 

6 CONCLUSION 

The development of linear numerical models to es-
timate the transfer of pre-stress force from a rup-
tured tendon into the surrounding materials had been 
described in this paper. The model employs the li-
near elastic theory of thick-wall cylinders to account 
for equilibrium of forces and compatibility of dis-
placements at the confining materials interfaces (i.e. 
concrete, duct and grout). The models consider the 
effect of axial stresses in the tendon and confining 
materials as well as the bond behavior at interfaces.  

Comparisons between the proposed model, FE 
model, UK Highway Agency BA51/95 model and 
previous experimental data show the ability of the 
proposed model to estimate the re-anchorage length 
and stress distribution along the ruptured bonded 
post-tensioning tendon. 

It is proposed to improve the model to consider 
nonlinear behavior of materials, geometrical aspects, 
ordinary reinforcement and behavior in 3D. A model 
accounts for such factors helps in assessing the post-
tensioned concrete elements with ruptured tendon. 
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NOTATION 

 
As: Cross sectional area of pre-stressing bar 

Ag: Cross sectional area of grout 

Ad: Cross sectional area of duct 

Ac: Cross sectional area of concrete  

a: Internal diameter of cylinder 

b: External diameter of cylinder 

D: Nominal diameter of tendon (mm) 

fci: Concrete strength at transfer (N/mm2) 

fs : Longitudinal stress in pre-stress steel bar at a section  

fg: Longitudinal stress in grout at a section 

fd: Longitudinal stress in duct at a section 

fc: Longitudinal stress in concrete at a section 

E: Young’s modulus of cylinder material 

Es: Young’s modulus of pre-stressing bar 

Eg: Young’s modulus of grout 

Ed: Young’s modulus of duct 

Econcrete: Young’s modulus of concrete 

kt: Coefficient depends on type of tendon, it equals 600 for bars 

l t: Transfer length 

pi: Applied internal pressure in the radial direction 

pe: Applied external pressure in the radial direction 

p1: Exerted pressure at interface 1 

p2: Exerted pressure at interface 2 

p3: Exerted pressure at interface 3 

rs: Nominal radius of pre-stressing steel bar 

rg1: Radius of grout cylinder at interface 1rg2: Radius of grout 

cylinder at interface 2 

rd2: Radius of the duct at interface 2 (Internal radius) 

rd3: Radius of the duct at interface 3 (External radius) 

rc3: Radius of the concrete cylinder at interface 3 

rc4: Measured radius of the concrete cylinder to the nearest 

concrete surface 

S: Number of strands 

s: Slip 

ur: Radial deformation at radius equal r 

ȝ: Poisson’s ratio of cylinder material 

ur,s1: Radial deformation of pre-stressing bar at interface 1 

 ur,g1: Radial deformation of grout cylinder at interface 1 

ur,g2: Radial deformation of grout cylinder at interface 2 

ur,d2: Radial deformation of the duct at interface 2 

ur,d3: Radial deformation of duct cylinder at interface 3 

ur,c3: Radial deformation of the concrete cylinder at interface 3 

ız: Applied stress in the longitudinal direction Z 

Ø: Coefficient of friction 

k: Tangential shear stress 

ȝ: Poisson’s ratio of cylinder material 

ȝs: Poisson’s ratio of pre-stressing bar 

ȝg: Poisson’s ratio of grout 

ȝd: Poisson’s ratio of duct 

ȝc: Poisson’s ratio of duct 
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