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The cohesive/overlapping crack model represents an effective tool 
in the study of failure transition phenomena occurring in plain or 

reinforced concrete structures. In the present paper, this non-linear 

fracture mechanics model is applied to study the global struc-

tural behavior of prestressed concrete beams casted by means of 

pre-tensioning technique or, more generally, having a straight steel 

strand layout. In this context, a thorough analysis of scale effects 
is presented to investigate local mechanical instabilities such as 

snap-back and snap-through phenomena due to concrete cracking 

or crushing, highlighting the crucial role of the ductile-to-brittle 

transition in the design of prestressed concrete structural elements.

Keywords: concrete cracking; concrete crushing; ductile-to-brittle transi-

tion; non-linear fracture mechanics; prestressed concrete; scale effects.

 INTRODUCTION

The flexural behavior of reinforced and prestressed 
concrete structural elements is affected by the presence 
of non-linear phenomena occurring during their loading 

processes, such as crack opening and advancement in 
tension, concrete crushing in compression, and steel yielding 
or slippage. In current design codes, these phenomena are 
not completely considered, due to the shortcomings present 
in the classical constitutive laws commonly adopted for 
materials. This framework may lead to unsafe structural 
behaviors due to stability losses that may occur during the 
loading process and involving snap-back or snap-through 
discontinuous phenomena. Furthermore, classical consti-
tutive laws adopted for prestressed concrete structures are 
not able to capture the ductile-to-brittle transition commonly 
observed during laboratory tests.1 To assure a safer structural 

design, minimum and maximum reinforcement conditions 
must be considered, to avoid cracking or crushing failures in 
the structural elements.2

In this context, the application of fracture mechanics 
concepts to the study of the flexural behavior of reinforced 
concrete elements leads to important results, as is shown by 
several studies carried out by Hillerborg et al.,3 Gustafsson 

and Hillerborg,4 Jenq and Shah,5 Carpinteri,6-11 Carpinteri et 

al.,12 Bosco et al.,13 Bosco and Carpinteri,14 and NCHRP,15 

among others.
The effort of adopting effective models that can predict 

real structural behaviors considering material non-linearities 
may lead to an optimization of the design process and to a 
more refined safety assessment for existing structures.

In the present paper, an application of the cohesive/
overlapping crack model proposed by Carpinteri et al.18 is 

provided, to take into account the effect of a pre-stressing 
force in a steel strand reinforced concrete cross section. For 
this purpose, a bond-slip law for pre-stressing reinforcement 

layers is introduced, and some numerical simulations on 
prestressed concrete beams are presented, varying both 
size-scale and reinforcement percentage in the structural 
elements.

RESEARCH SIGNIFICANCE

In the present work, an investigation on scale effects, 
mechanical instabilities, and ductile-to-brittle transition in 

prestressed concrete beams is performed by means of the 
cohesive/overlapping crack model. The problem of evalu-

ating the rotation capacity of prestressed concrete beams in 
bending has been little investigated from both the experi-
mental and the analytical point of view during the last 
decades. Because the development of ductility is influ-

enced by several design parameters, it is difficult to develop 
a predictive model that can fully describe the mechanical 
behavior of prestressed concrete. In particular, the role of 
the size-scale effect, which has been evidenced by some 
experimental tests, is not yet completely understood. One 
of the main reasons is the inadequacy of the traditional 
models based on ad hoc stress-strain constitutive laws. The 
numerical studies and experimental versus numerical anal-
yses clearly suggest that the model can predict the scale-de-

pendent non-linear behavior of prestressed concrete beams, 
and that a correct definition of an upper bound2 represents 

a strict requirement in the design of this type of structures. 
As a matter of fact, due to scale effects, the real behavior 
of prestressed concrete structures may deviate significantly 
from that predicted by laboratory tests or theory of plasticity 
and may be highly influenced by crushing failure.

COHESIVE/OVERLAPPING CRACK MODEL

A first description of the cohesive zone was introduced 
by Dugdale19 to study the crack-tip plastic zone in metals, 
and by Barenblatt20,21 to analyze the cohesive atomic forces 
in crystals. Then, this concept was extended by Hillerborg 
et al.3 and Hillerborg22 within the fictitious crack model, to 
study the crack-tip process zone in concrete. Later, the cohe-

sive crack model was adopted by Carpinteri23 to study the 
snap-back instabilities in concrete or concrete-like materials, 

and then by Ruiz et al.24 to study the non-linear behavior of 
lightly reinforced concrete beams. This model assumes that, 
in a beam cross section, the crack starts propagating when 
the ultimate tensile strength of concrete, σt, is reached.25 
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In the process zone of a cracked cross section, concrete 
partially keeps its ability to transfer stresses through the 
crack faces, and, to model this residual capacity, closing 
forces depending on the crack width, wt, are applied.

The stress versus crack opening law can be described as:
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The closing forces resulting from Eq. (1) vanish when 
the critical value of crack opening, wt

cr, is reached. The area 
below the σ-wt curve is the fracture energy of the material, 
GF (Fig. 1(b)), and it may be considered as a real material 
characteristic. Outside the damaged zone, the material still 
behaves within the elastic field, so that a classical σ-ε consti-
tutive law is adopted (Fig. 1(a)).

Furthermore, the cohesive crack model has been improved 
also defining an energy brittleness number, sE, able to inter-

pret the post-peak response of plain concrete structures, 

showing that their global structural behavior does not 
depend on single parameters like fracture energy, ultimate 
tensile strength, or element size, but on their combination.9,10

Experimental tests carried out by Kotsovos,26 van Mier,27 

and Vonk et al.28 outlined that concrete exhibits strain 
localization in compression in a similar way to strain soft-
ening in tension. Early attempts to describe the compres-

sive non-linear deformation of concrete were proposed by 
Hillerborg,29 suggesting a compressive strain localization 
zone proportional to the compressed depth of the beam, 
whereas Bažant30 proposed to set the strain localization 
length proportional to the characteristic size of the structural 
element. In both works, the strain localization zone is iden-

tified by means of experimental data, and it is not based on 
theoretical models.

Moreover, a round-robin organized by RILEM TC 
148-SSC31 investigated the effects due to different loading 
platen typology, shape and size of the specimen, and 
concrete grade on the strain softening behavior of concrete 
in compression. The experimental evidence suggested a high 
correlation between specimen size and post-peak behavior, 
and, if a displacement is considered in the softening regime 

rather than the strain, all the curves become almost indepen-

dent of the specimen size and are restrained within a narrow 
band. As an example, it is possible to consider the experi-
mental tests carried out by Ferrara and Gobbi32 at ENEL-
CRIS laboratory in Milan. They investigated the structural 
behavior of three different concrete prisms: 50 x 50 mm (S), 

100 x 100 mm (M), and 150 x 150 mm (L), made of three 

different slenderness ratios (0.5, 1.0, 2.0). In Fig. 2(a) the 

obtained σ-ε curves are reported. It is possible to observe 
that specimens have the same elastic ascending branch but 
once the peak load is reached, a large scattering is registered 

between them, suggesting that a proper constitutive law for 
damaged concrete may not be identified in a σ-ε diagram. On 
the other hand, if a fictitious interpenetration, wc, is consid-

ered, the curves lie within a restrained zone as depicted in 
Fig. 2(b). The crushing zone can be then represented by a 
fictitious overlapping, which is mathematically analogous to 
the fictitious crack opening in tension. It is important to note 
that from the mathematical point of view, the overlapping 

displacement is a global quantity, and therefore it permits 
the structural behavior to be characterized without the need 
for modeling the actual failure mechanism of the specimen 

into the details, which may vary from pure crushing to diag-

onal shear failure, to splitting, depending on its size-scale 
and slenderness. The overlapping crack model,33 based on 

a fictitious interpenetration, permits a true material consti-
tutive law to be obtained, independent of the structural size, 
and it simulates the damage of the material through a virtual 
overlapping zone in close analogy with the cohesive crack 
model, offering an effective agreement with experimental 
results.31,32 Within this model, a pair of constitutive laws 
is adopted for concrete in compression: a classical stress-
strain law (Fig. 3(a)), valid up to the ultimate compressive 
strength of concrete, σc, and a stress-interpenetration rela-

tionship, σ-wc (Fig. 3), which is effective in the post-peak 
regime of the structural element subjected to bending. The 
area subtended by the diagram in Fig. 3(b) represents the 
crushing energy, Gc, and, in close analogy with the fracture 
energy, GF, it can be assumed as a real material constant as 

experimentally shown by Jansen and Shah.34

The crushing energy may be calculated through the Suzuki 
formula35

 Gc = 80 – 50kb (2)

with kb = 40/σc ≤ 1.
Equation (2) shows that Gc is larger than GF by two orders 

of magnitude, due to the better performance of concrete in 

compression than in tension. As a matter of fact, the critical 
value of the virtual overlapping, wc

cr, for which the fictitious 
opening forces vanish, is approximately 10 times wt

cr, as 

well as the compression strength is one order of magnitude 
greater than the tensile strength.

For the aim of the present research, a linear σ-wc law is 
adopted in the form

 σ σ= −
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Fig. 1—Cohesive crack model for concrete in tension: (a) 

linear elastic stress-strain law; and (b) post-peak σ-wt cohe-

sive relationship.
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PRESTRESSING STEEL VERSUS CONCRETE 

INTERACTION

In the case of a prestressed concrete structural element, 
because the kinematics of the midspan cross section can be 

described by means of crack openings and virtual overlap-

pings, a constitutive law that is able to relate crack opening 
displacements with steel reactions must be adopted. In the 
present paper, a bond-slip relationship for prestressed rein-

forcement layer is obtained also considering Model Code 
2010.36 Hence, it is possible to consider a steel strand rein-

forced concrete element of length Lτ, with a crack as depicted 
in Fig. 4. Along Lτ, concrete and steel mutually transfer the 
shearing stresses, τ(x), which depend on concrete strength, 
steel surface condition, and slippage developed between the 
two materials.

The value of Lτ may be found considering the equilibrium 
equation of the steel strand

 
( ) ( )σ σ πφτp sp

L
A x dxt− = ∫0 0  (4)

where (σp–σ0)Asp represents the increasing force acting in 

the steel strand due to crack propagation.
On the other hand, it is possible to simplify Eq. (4) consid-

ering a mean value of the shearing stresses developed between 
steel and concrete. Hence, Eq. (4) may be rewritten as
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where τm is a mean value of the shearing stresses along Lτ, 
which may be fixed in case of indented wire, according to 
Model Code 2010,36 as τm =1.44σt.

The crack opening, from symmetry reasons, may be 
written as twice the slip between concrete and steel along 
Lτ. Thus:
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If a constant shearing stress, τm, is admitted between steel 
and concrete, the increasing force in the steel strand due to 

cracking varies linearly along Lτ, from a maximum value (σp 

– σ0) at the cracked section, to 0 at a distance Lτ, as expressed 
in:
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Introducing Eq. (7) into Eq. (6), neglecting the concrete 
contribution, and considering Eq. (5), it is possible to find:
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where σp is the steel stress in the cracked cross section; σ0 

is the steel stress at a distance Lτ from the cracked cross 

section; Asp is the steel area; Es is the modulus of elasticity 
of steel; Fig. 2 shows the diameter of the steel strand; and τm 

is the average value of shearing stress exchanged between 
steel and concrete.

 COHESIVE/OVERLAPPING CRACK MODEL FOR 

PRESTRESSED CONCRETE ELEMENTS

The Cohesive/Overlapping Crack Model2,16-18,33 can 

simulate the damage process in the midspan cross section 

of a prestressed concrete beam by means of a step-by-step 
numerical approach: the depth of the structural member, 
b, is divided into (n-1) segments separated by n nodes. To 
avoid numerical problems, the finite element size has been 
limited.37

Considering the superposition principle, we have (Fig. 5):

 { } [ ]{ } { } [ ]{ }w K F K M K F
F M F p

! " "  (9)

Fig. 2—Uniaxial compression tests32: (a) σ-ε relationship; and (b) post-peak σ/σc-wc relationship.

Fig. 3—Overlapping crack model for concrete in compres-

sion: (a) linear elastic stress-strain law; and (b) post-peak 

stress versus fictitious interpenetration relationship.
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where {w} is the vector containing the opening/overlapping 
displacements; [KF] is the matrix containing the coefficients 
of influence for nodal displacements generated by unit 
forces; {KM} is the vector containing nodal displacements 
generated by a unit bending moment; M is the value of the 
bending moment; and{Fp} is the vector containing the nodal 
forces generated by pre-stressing.

Thus, in the general case of Fig. 5, the following condi-
tions are applied:
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where j is the real crack tip; m is the fictitious crack tip; p 

is the fictitious overlapping zone tip; q is the real overlap-

ping zone tip; and r is the pre-stressing steel node. Equations 
(9) and (10) constitute a system of 2n equations in (2n+1) 

unknowns. Hence, another condition is needed to calculate 
the applied external load. The opening and overlapping ficti-
tious crack tips, starting from their initial positions, move 

forward. At each step, the two external load values that are 
able to generate the ultimate tensile force, Ft, in node m and 

the ultimate compresssive force, Fc, in node p are calculated: 
the actual bending moment, M, is assumed as the minimum 

load between the two external loads above calculated. Only 
the tip that reaches the ultimate strength is moved forward: 
thus, crack opening, and concrete crushing are separated 

phenomena that take place independently.
At each step, the rotation angle is computed as:

 ϑ = +{ } { }D F D M
F

T

M
 (11)

where {DF} is the vector containing the rotations generated 
by unit nodal forces; and DM is the rotation generated by a 
unit bending moment.

PARAMETRIC ANALYSIS

In Fig. 6 and 7, some case studies of square (t = b) prestressed 

concrete beams subjected to bending are presented, showing 
significant scale effects.38 The prestressing force has been 

set equal to 1/3fyAsp, where Asp is the steel strand area, and 

fy is the steel yield strength equal to 1640 MPa. The rein-

forcement has been positioned to keep the ratio between 
the beam effective depth and the beam depth as d/b = 0.9. 
The concrete tensile strength, σt, is assumed equal to 4 

MPa, whereas the compressive strength, σc, is equal to 40 

MPa. The critical value of crack opening is wt
cr = 0.04 mm, 

whereas the critical value for concrete virtual overlapping 
is wc

cr = 1.5 mm. The concrete stress-strain laws, both for 
tension and compression, have been assumed according to 
Eq. (1) and (3). The reinforcement ratio, ρp, varies between 
0.1% and 1.0%, whereas the beam depth, b, varies between 
400 and 1500 mm.

In the case of low steel percentages (Fig. 6), it is possible 
to observe a first elastic branch up to the complete exploita-

tion of the pre-stressing force, when the concrete fracturing 
takes place. After this first peak load, a snap-back due to 
cracking appears,39,40 and a second ascending branch due 

to an increase in the steel reaction is revealed. Hence, the 
steel reinforcement reaches its yielding, and a horizontal 
plateau is described. The width of this horizontal plastic 
branch is inversely proportional to the beam depth, b, and 

Fig. 5—Cohesive/overlapping crack model.

Fig. 4—Prestressing steel versus concrete interaction.



105ACI Structural Journal/March 2021

reinforcement percentage, ρp.17 Eventually, a snap-back is 
determined, due to the unstable concrete crushing brittle 

behavior.
For reinforcement percentages larger than 0.4% (Fig. 7), 

it is possible to observe a substantial disappearance of steel 
yielding, and a major role played by concrete crushing on 
the global behavior of the structural element subjected to 
bending. This is mainly due to the larger value of the force 
exerted by the pre-stressing steel reinforcement. In these last 
cases characterized by larger reinforcement percentage, ρp, 

the limit established by a maximum reinforcement condition 
appears to be strict.

NUMERICAL VERSUS EXPERIMENTAL 

INVESTIGATION

In the following, a numerical versus experimental compar-
ison is proposed for the mechanical behavior of prestressed 
concrete beams subjected to bending. To perform this 
comparison, the wide experimental campaign carried out by 
Warwaruk et al.41 is discussed.

This experimental campaign was conducted on 82 simply 
supported prestressed concrete beams considering several 
bonding conditions. The tests results show three typical stages 
in the load-deflection curves: the first stage is linear elastic, 
and it is characterized by the mechanical properties of the 
undamaged cross section of the beam. The second phase, after 
the first cracking load, is characterized by a cracked cross 

Fig. 6—Non-dimensional load versus rotation curves for: (a) ρp = 0.1%; and (b) ρp = 0.2%.

Fig. 7—Non-dimensional load versus rotation curves for: (a) ρp = 0.4%; (b) ρp = 0.6%; (c) ρp = 0.8%; and (d) ρp = 1.0%.
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section with the steel reinforcement acting within the elastic 
field. The third phase is characterized by a change in the curve 
slope, due to the plasticity of the steel reinforcement. On the 
other hand, the whole experimental campaign shows that these 
three phases are present only for prestressed concrete beams 
having low reinforcement ratios. In beams having higher rein-

forcement ratios, the third phase is absent, because the steel is 

not able to reach yielding, and a substantial disappearance of 
the beam plastic rotational capacity arises, as predicted by the 
cohesive/overlapping crack model.

In the following, experimental versus numerical curves 
representing the structural behavior of the specimens 
subjected to four-point bending tests and having a cross 
section of 152.4 x 304.8 mm are reported. Mechanical 
parameters, reinforcement ratio, and pre-stressing force for 

each tested beam are reported in Table 1. The tensile strength 
of concrete, σt, and fracture energy, GF are determined 

according to Model Code 201036
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Equation (12) is valid for concrete having σc ≤ 50 MPa, 
whereas Eq. (13) is valid for concrete having σc > 50 MPa. 
The crushing energy, Gc, is determined according to Eq. (2).

In Fig. 8, the experimental tests (thin curves) performed on 
prestressed concrete beams with reinforcement percentage 
lower than 0.4% provide a structural behavior that can be 
accurately described by the cohesive/overlapping crack 
model (thick curves): from the first mechanical instabilities 
(snap-back and/or snap-through) following the complete 
exploitation of the pre-stressing force, through the activation 
of the steel reinforcement, up to its yielding, when a plastic 
plateau is observed. It is worth noting the different behav-

iors between OB.14.066 and OB.14.107 detected by means 

Fig. 8—Numerical (thick) versus experimental (thin) curves for prestressed concrete specimens with reinforcement percentage, 

ρp, lower than or equal to 0.4%.
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of the cohesive/overlapping crack model. These specimens 
have the same reinforcement ratio and pre-stressing force, 
but a different concrete compressive strength, σc, gener-

ating an ultimate behavior characterized by steel yielding in 
OB.14.066, and by concrete crushing in OB.14.107, due to 
its lower σc. An enhanced compressive behavior is exper-
imentally observed for specimen OB.14.107, recognizing 
a stirrups confinement effect in the midspan region of the 
tested beam, which is able to delay the concrete crushing 
failure.

In Fig. 9, the specimens with reinforcement percentage 
larger than 0.4% are analyzed, showing a structural behavior 

more unsafe than that obtained in the case of low steel 
percentages, because the rotational capacity of the prestressed 
beams is considerably reduced, and also concrete crushing 
could precede steel yielding, as predicted by the cohesive/
overlapping crack model. Hence, in the post-peak regime, 
the beams could exhibit an ultimate snap-back in the load 
carrying capacity due to an unstable growth of the concrete 
crushing zone, usually hidden by the displacement control 
of the test (abrupt interruption). It is worth noting that the 
concrete beams with reinforcement percentage lower than 
0.4% (Fig. 8) provide a rotational capacity up to 60 mm, 
whereas the specimens with reinforcement percentage larger 

Table 1—Mechanical parameters of the tested beams41

Beam d (mm) ρp (%) fy (MPa) σ0 (MPa) σc (MPa) σt (MPa) GF (N/mm) Gc (N/mm) wt
cr (mm) wc

cr (mm)

OB.34.027 244 0.101 1564.03 826.80 27.38 2.73 0.139 30.000 0.102 2.191

OB.34.037 242 0.198 1564.03 804.75 33.52 3.12 0.143 30.000 0.092 1.790

OB.34.073 235 0.278 1260.87 817.15 51.41 4.11 0.152 41.100 0.074 1.599

OB.34.043 230 0.284 1260.87 813.02 48.69 4.00 0.151 38.924 0.075 1.599

OB.34.038 231 0.312 1536.47 826.80 44.62 3.77 0.149 35.178 0.079 1.577

OB.14.030 229 0.107 1543.36 130.91 23.72 2.48 0.136 30.000 0.110 2.529

OB.14.066 234 0.418 1543.36 131.60 41.79 3.61 0.148 32.145 0.082 1.538

OB.14.107 237 0.418 1543.36 140.56 25.66 2.61 0.137 30.000 0.105 2.339

OB.14.175 207 0.656 1543.36 146.07 27.79 2.75 0.139 30.000 0.101 2.159

OB.14.157 237 0.870 1543.36 140.56 38.93 3.45 0.146 30.000 0.085 1.541

OB.14.244 203 0.916 1543.36 139.18 28.14 2.78 0.139 30.000 0.100 2.132

OB.34.290 203 0.953 1260.87 777.88 23.28 2.45 0.136 30.000 0.111 2.578

Fig. 9—Numerical (thick) versus experimental (thin) curves for prestressed concrete specimens with reinforcement percentage, 

ρp, larger than 0.4%.
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than 0.4% (Fig. 9) show a significant increase in brittleness 
with a rotational capacity reduced to 30 mm.

The analyses discussed earlier demonstrate the capability 
of the cohesive/overlapping crack model in predicting the 
non-linearities developed by prestressed concrete beams 
under loading, showing catastrophic snap-back branches 
after concrete cracking or crushing. These mechanical insta-

bilities are hidden in the experimental curves, because the 
tests were carried out using the loading control until the 
first cracking load appears (snap-through), and using the 
displacement control in the post-peak regime (final abrupt 
interruption). These control parameters do not allow the 
detection of local or global snap-back branches, because 

they are not a monotonically increasing function of time, 
such as the crack length.42

CONCLUSIONS

The application of fracture mechanics concepts43-47 to the 

study of prestressed concrete structural behavior can provide 
a correct estimation of the scale effects on the maximum 
reinforcement percentage, which requires a thorough knowl-
edge of the complex non-linear phenomena characterizing 
the concrete crushing failure. If one simply considers a 
traditional stress-strain curve for concrete which includes 
softening, they may not capture the catastrophic post-peak 
behavior characterizing cracking and crushing failures, (that 
is, the snap-back instability). Thus, to fully describe the 
concrete cracking process, the cohesive crack model must 
be adopted, whereas to describe the concrete crushing, the 
overlapping crack model must be employed. In this way, by 
means of the cohesive/overlapping crack model it is possible 
to address the lack of knowledge about the field in which 
prestressed concrete structures can develop a safe ductile 
behavior, formulating new standard requirements for an 
effective structural design.

In the present work, an investigation on scale effects, 
mechanical instabilities, and ductile-to-brittle transition 

in prestressed concrete beams is performed by means of a 
non-linear fracture mechanics model. The cohesive/over-
lapping crack model is able to predict both cracking and 

crushing failures in prestressed concrete elements, and the 

transition between these two failure mechanisms increasing 
the beam size and/or the reinforcement percentage. Due 
to its analytic nature, this model allows to perform large-
scale assessments, leading to a refinement of the standards 
included in the international codes of practice. On the other 
hand, such complex analyses may also be performed by 
means of the finite element method with a great deal of 
effort, because strain softening materials exhibit spurious 
mesh sensitivity, low convergence rate, and results that are 
highly dependent on mesh refinement.48,49

Finally, the present analysis points out the importance of 
the maximum reinforcement ratio, to guarantee a minimum 
rotational capacity for safety reasons and seismic energy 
dissipation, avoiding the rise of concrete crushing without 
steel yielding. For low reinforcement percentages, steel 
yielding precedes concrete crushing, and large plateau 
are described in the load versus displacement diagrams. 
However, because the width of the plastic plateau decreases 

as size or reinforcement ratio increase, until it disappears 
for large structural sizes and/or high steel percentages, a 
maximum reinforcement condition may be identified as the 
largest reinforcement percentage for which steel yielding 
precedes concrete crushing.
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NOTATION
Asp = pre-stressing steel area
b = beam depth
{DF} = vector of rotations generated by unit forces
DM = rotation generated by unit moment
d = beam effective depth
Es = modulus of elasticity of steel
{F} = vector of nodal forces
{Fp} = vector of nodal forces generated by pre-stressing
fy = steel yield strength 
Gc = crushing energy
GF = fracture energy
[KF] = matrix of nodal displacements generated by unit forces
{KM} = vector of nodal displacements generated by unit bending 

moment
Lτ = transferring length of shear stresses between steel and concrete
M = bending moment
n = number of nodes
t = beam thickness
{w} = vector of nodal displacements
wc = fictitious interpenetration
wc

cr = critical value of fictitious interpenetration (overlapping law)
wt = crack opening
wt

cr = critical value of crack opening (cohesive law)
εc = ultimate compressive strain of concrete
εco = strain in concrete
εs = strain in steel
εt = ultimate tensile strain of concrete
ϕ = steel strand diameter
ρp = pre-stressing steel reinforcement ratio
σ = stress
σc = compressive strength of concrete
σp = pre-stressing steel stress (in cracked section)
σt = tensile strength of concrete
σ0 = pre-stressing stress (imposed by jacks)
τ = steel/concrete interfacial shear stress
τm = mean value of the steel/concrete interfacial shear stress
ϑ = rotation
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