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Abstract

This work proposes new reliability-based formulations for the design of trans-

mission and anchorage lengths in prestressed reinforced concrete, starting from

the equations discussed and proposed by fib TG2.5 “Bond and Material Models.”
To this end, an extensive experimental dataset with more than 900 results was

collected from the scientific literature. Then, two deterministic models were pro-

posed, one for the transmission and one for the anchorage length. For each,

model uncertainty was evaluated, and then a probabilistic calibration of their

distributions was carried out, separating the cases when sudden or gradual pre-

stress release was applied. Then, probabilistic models were developed for trans-

mission and anchorage length evaluation, depending on the prestress release

method: from them, it was possible to evaluate suitable coefficients to target

varying reliability indexes. Particularly, two design situations were considered,

for transverse stresses verification at the Serviceability Limit State (SLS) and

shear and anchorage verification at the Ultimate Limit State (ULS). Lastly, the

reliability of current deterministic models was verified.

KEYWORD S

anchorage length, bond, prestressed concrete, reliability, transmission length

1 | INTRODUCTION

In prestressed concrete (PC) elements with pre-tensioned
tendons, the global behavior of the members depends on
the bond between prestressing steel and concrete. For the
correct design of a pretensioned concrete element, two
different bond situations should be considered, which

depend on the radial deformation of the tendon.1 Indeed,
at prestress release, the radial expansion of the strand
due to the Hoyer effect2 leads to a push-in condition,
while, under external loads, a pull-out situation occurs
when steel stress increases. These two circumstances
identify two different lengths, named transmission (Lt)
and flexural bond (Lb) length, respectively. The sum of
these two distances represents the anchorage length (La),
that is, the length over which the ultimate tendon force is
fully anchored in the concrete (Figure 1a). Particularly,
within the transmission length, stress and strain vary
along the strand when the prestress is transferred into
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the concrete. Figure 1b shows that the stress at the mem-
ber end is null (σps = 0 at x = 0), and it gradually
increases until reaching the full effective prestress
(σps = σpe at x = Lt). This value remains constant or
slightly decreases due to long-term effects in absence of
external load, even outside the transmission length zone.
The same trend is observed for the strain development in
both the strand and concrete (Figure 1c). When the pre-
stressing reinforcement is subject to additional stresses
due to external actions on the PC member, the stress
increases additionally up to the ultimate tensile strength
(σps = fpt at x = La).

In the design practice, the transmission length Lt is
used mainly for the verification of the transverse stresses
near the beam ends at the Serviceability Limit State (SLS)
or for anchorage length calculation and shear verification
at the Ultimate Limit State (ULS). Depending on the
design situation, shorter or longer values of the transmis-
sion length imply a more onerous verification. Particu-
larly, on one hand, it is necessary to design a sufficient
amount of transverse reinforcement to prevent concrete
bursting and cracking due to transverse stresses acting in
the PC sections. If transverse stresses exceed concrete
tensile strength, cracks are developed. The maximum
transverse stresses are present at the PC member ends,
which gradually reduce along Lt. Thus, overestimating Lt
is not recommendable for this design situation, as it
reduces the computed value of the transverse stresses act-
ing in one section. On the other hand, if we consider a
scheme of simply supported PC elements, shear demand
is high at the supports, which distance coincides roughly
with the transmission length zone. If the prestress force
is not transferred adequately within the required distance
from the end of the PC member, the sections placed in
this zone may be subject to shear failure. As a conse-
quence, shear cracks may be displayed in this region,
which may be originated due to different co-causes, such

as poor construction detailing, poor concrete quality, or,
as above-cited, wrong transmission length quantification
and insufficient shear reinforcement. In this design situa-
tion, underestimating Lt is not recommendable as it leads
to an unsafe design against shear failure. In fact, it is
important to ensure an adequate transmission of the pre-
stress force within a defined distance from the free ends
of the strands, where the shear-critical sections are
located. The second main design situation where it is fun-
damental to consider a longer Lt value is linked to the
design of the anchorage length La.

The current definitions of the transmission and anchor-
age lengths in design codes are mostly obtained from semi-
empirical3,4 or empirical models.5 In such models, the direct
application of partial safety factors for materials strength
does not allow to obtain a coherent level of reliability,6 lead-
ing to potential wrong estimation of the structural reliabil-
ity, and thus to a non-optimal design. Specifically, assuming
shorter or longer values of the transmission length affects
multiple design aspects. Moreover, other models can be
found in the literature for the computation of the transmis-
sion length, employing iterative algorithms based on a mod-
ified thick-walled cylinder theory7,8 or non-linear finite
elements.9,10 However, closed-form expressions are needed
to perform the reliability analysis which is the object of this
study. Accordingly, in this work, we propose new probabi-
listic models for the transmission and anchorage lengths
starting from the fib Model Code 2020 proposal that can be
applied to different reliability targets, considering both cases
when the prestress force is gradually or suddenly released.
From them, specific coefficients can be obtained for each
design situation. Among the possible methodologies for the
probabilistic calibration of a model,11–13 we followed the
reliability format defined in14 after a proper assessment of
model uncertainties, carried out on an extensive dataset
collected within the activities of the fib TG2.5 “Bond and
Material Models.”
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FIGURE 1 Transmission (Lt) and anchorage (La) length definition (a); stress profile in the strand (b); and strain profile in the strand

and concrete (c)
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2 | TRANSMISSION AND
ANCHORAGE LENGTH
DEFINITIONS

Bond mechanisms in prestressed concrete consist of
adhesion, friction, and mechanical interlocking,15 leading
to high bond strength development in the first part of the
anchorage length, where the Hoyer effect takes place.
Bond strength depends on many factors, such as concrete
tensile strength, the depth of the concrete cover, and the
nominal strand diameter.16 Both transmission and
anchorage lengths depend also on strand prestress mag-
nitude and release method,8 which can be performed
either by flame cutting the strands (sudden release) or by
gradually releasing the tendons (by using hydraulic jacks,
heat annealing, or by sawing through concrete and the
steel).

Not always the above aspects are considered in
design equations, as is the case of ACI or AASHTO for-
mulations,5,17 which adopt very simplified equations.
Regardless of this evident simplicity, such formulations
clearly distinguish how much the magnitude of the
bond strength varies between the transmission and
anchorage length. Instead, more refined approaches are
provided by the fib Model Code 20103 and Eurocode 2,4

which include a higher number of variables, both quan-
titative and qualitative. Table 1 provides the list of the
current design equations of transmission length from
the main Codes, whereas Table 2 summarizes the main
design equations used for the anchorage length
calculation.

2.1 | Proposal for fib Model Code 2020

For the proposal of the next fib Model Code, the authors
working within the TG2.5 have proposed two new formu-
lations for evaluating the transmission Lt = lbpt and the
anchorage La = lbpd length. The new equations do not
substantially modify the current approach of fib Model

Code 2010. Indeed, the transmission length can be still
computed as:

Lt ¼ lbpt ¼ αp1αp2αp3lbp
σpi
f ptd ð1Þ

adopting the same coefficients from the previous version.
Particularly, recall that αp1 considers the type of release,
αp2 allows to consider the action effect to be verified
(i.e., if lbpt is calculated to assess the transverse stresses or
to estimate the anchorage length), and finally, αp3
depends on the geometry of the tendon. The values of
these factors are reported in Table 3. Compared to fib
Model Code 2010, the main novelty is linked to the defi-
nition of the basic anchorage length lbp, that is, the dis-
tance necessary to develop the full strength in an
untensioned tendon, which depends only implicitly on
the bond strength:

TABLE 1 Equations for transmission length design from the

main codes

Code Lt design equation (SI units)

ACI 318-20195 Lt ¼ f pe=20:7
� �

�ϕ or Lt ¼ 50 �ϕ
AASHTO17 Lt ¼ 60 �ϕ
fib Model Code 20103 Lt ¼ lbpt ¼ αp1 �αp2 �αp3 � lbp � σpif ptd

with lbp ¼ Asp � f ptd
� �

= ϕ �π � f bpd
� �

and f bpd ¼ μp1 �μp2 � f ctd
Eurocode 24 Lt ¼ lpt ¼ α1 �α2 �ϕ �σpm0=f bpt

with f bpt ¼ μp1 �μ1 � f ctd tð Þ

TABLE 2 Equations for anchorage length design from the

main Codes.

Code La design equation (SI units)

ACI 318-20195 La ¼Ltþ1=6:9 � σpd�σpm,∞
� � �ϕ

AASHTO17 La ¼ 0:145 �k � σpd� 2
3σpm,∞

� � �ϕ
k = 1 or 1.6 depending on the
geometry of the pre-tensioned member

fib Model Code 20103 La ¼ lbpd ¼ lbptþ lbp � σpd�σpcs
f ptd

with lbpt calculated with αp2 ¼ 1:0

Eurocode 24 La ¼ lpt2þα2 �ϕ � σpd�σpm,∞
� �

=f bpd
with f bpd ¼ μp2 �μ1 � f ctd and lpt2 ¼ 1:2 � lpt

TABLE 3 Factors for computing lbpt according to Equation (1)

(same as in fib Model Code 20103).

Factor Value Description

αp1 1.0 For gradual release of the tendons.

1.25 For sudden release of the tendons.

αp2 1.0 For calculation at ULS of anchorage length
and shear capacity. This factor is associated
with li,0.95, that is, the 95% fractile of the lbpt
probability density function.

0.5 For verification of transverse stress due to
development and distribution of prestress in
the anchorage zone. This factor is
associated with lbpt,0.05, that is, the 5%
fractile of the lbpt probability density
function.

0.75 In the proposed probabilistic model.

αp3 0.5 For strands.

0.7 For indented or crimped wires.

FALESCHINI ET AL. 3
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lbp ¼ γc
Asp

πØ

f ptd

ηp1ηp2f ck tð Þ1=2
ð2Þ

Equation (2) includes the partial safety factor for con-
crete compressive strength γc and depends directly on
fck(t), which is the characteristic concrete compressive
strength at time t, that is the time of the prestress force
release for lbpt calculation. Instead, t is equal to 28 days
when lbp is used to calculate the design anchorage length
lbpd. The new values assumed by the coefficients ηp1 and
ηp2 are reported in Table 4.

Lastly, the design anchorage length can be still calcu-
lated as:

La ¼ lbpd ¼ lbptþ lbp
σpd�σpcs

f ptd
ð3Þ

2.2 | Design situations at SLS and ULS

Equation (1) shows that two values for the coefficient αp2
(0.5 or 1) can be used to consider the different action
effects to be verified. Similarly, Eurocode 2 states that
depending on the design situation, the design value of
transmission length can be calculated by multiplying lpt
by 0.8 or 1.2. In both cases, the Codes define a lower and
an upper design transmission length, which roughly rep-
resent the fractiles of the probability density function
(pdf ) at 5% and 95%, being lbpt,0.05 and lbpt,0.95. At each
value, implicitly, the Code associates a different bond
behavior: in the former case, during the prestress force
release, the Hoyer effect significantly contributes and
leads to a push-in situation; in the latter case, when the
stress in the strand increases under the external actions,
the pull-out failure mode governs the mechanical

behavior. In this phase, the bond strength developed
within the flexural bond length is approximately half of
the value in the transmission length. Accordingly, when
SLS and ULS verifications should be carried out, different
bond strengths need to be considered, and hence, shorter
or longer values of the transmission lengths have to be
quantified.

2.2.1 | SLS verification: Bursting, spalling,
and splitting

Three main transverse stress verifications are required
at the end region of a prestressed concrete member,
that is, against bursting, spalling, and splitting stresses
(Figure 2). Bursting stress occurs due to load spreading,
and thus can be associated with a member-level phe-
nomenon; instead, splitting stress occurs due to bond
effects, and thus is associated with a local phenome-
non, arising in the circumferential area surrounding
the tendon. However, in prestressed members, these
two phenomena act exactly in the same end region of a
member. Spalling stresses act less close to the line of
action of the prestress force and are mainly caused by
deformation compatibility, prestress eccentricity, or
division of the prestress into multiple strand groups.18

When a combination of these phenomena occurs,
cracking may arise being particularly detrimental to
the structural integrity of the elements. Often, the
cause of these phenomena is an accelerated prestress
release, for example, when concrete has not developed
enough strength in time.

According to fib Model Code 2010,3 both the bursting
and spalling stresses can be evaluated based on a simpli-
fied approach using prism models, that is, symmetrical
prism according to Guyon theory19 for bursting and an
equivalent prism similar to that proposed by Gergely and
Sozen20 for spalling. The symmetrical prism model
adopted for bursting force calculation is shown in
Figure 3, where the length of the prism lbs, depending
directly on lbpt = lbpt,0.05, is given in Equation (4):

lbs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2bsþ 0:6 � lbpt

� �2q
< lbpt ð4Þ

The bursting force Nbs can be calculated from the
moment equilibrium along the section that defines the
centroid of the prism A-A, where the internal lever arm
zbs is assumed as 0.5�lbs:

Nbs ¼ 0:5 � n1þn2ð Þ � t2�n1 � t1
zbs

� γ1 �Fsd ð5Þ

TABLE 4 Factors for computing lbp according to Equation (2)

(modified from fib Model Code 20103).

Factor Value Description

ηp1 0.42 For indented and crimped wires.

0.36 For 7-wire strands.

ηp2 1.0 For all tendons with an inclination of 45–90�
with respect to the horizontal during
concreting.

1.0 For all horizontal tendons which are up to
250 mm from the bottom or at least
300 mm below the top of the concrete
section during concreting.

0.7 For all other cases.

4 FALESCHINI ET AL.
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and the bursting stresses σbs can be obtained by dividing
the resulting force by the area of the prism subject to the
tensile action, that is:

σbs ¼ 2Nbs

lbs�bbs
ð6Þ

If the bursting stress exceeds the design tensile strength
of concrete fctd, bursting reinforcement should be designed;
conversely, no specific reinforcement is required.

For spalling stresses σsl, Figure 4 provides the prism
geometry, where the equivalent prism length lsl depends
again on lbpt = lbpt,0.05 and it is computed as:

lsl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2þ 0:6 � lbpt

� �2q
< lbpt ð7Þ

Spalling force is calculated from the moment equilib-
rium along section B-B in the top portion of the beam,
along with no shear force acting, as defined in fib Model

Splitting
Bursting

Spalling

Splitting cracks

Spalling cracks

Bursting cracks

Force
Prestressing

Force
Prestressing

(a) (b)

FIGURE 2 Transverse stresses (a) and cracking pattern (b) at the end region of a prestressed concrete member
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FIGURE 3 Symmetrical prism model adopted for
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Code 1990.20 Again, the internal lever arm zsl is assumed
as 0.5�lsl, to calculate:

Nsl ¼M
zsl

ð8Þ

and the maximum spalling stress is obtained as:

σsl ¼ 8Nsl

lsl�bsl
ð9Þ

which should be compared with fctd, and in case of not
being verified, it requires the design of proper transverse
reinforcement to be put parallel to the end face, in its close
vicinity. A simplified graphical approach is provided in the
fib Model Code 2010 version,3 where the maximum spal-
ling stress can be obtained as a function of the transmis-
sion length and strands eccentricity from the centroid of
the beam section, but it is valid for members with height
less than 400 mm only. This approach follows a numerical
study carried out by Den Uijl.21 It should be recalled that
this verification is particularly restrictive for hollow core
slabs, for which EN 1168 standard22 provides directly a
verification equation of the spalling stress:

σsp ¼ P0

bw � eo �
15 �α2:3e þ0:07

1þ lbpt=e0
� �1:5 � 1:3 �αeþ0:1ð Þ

ð10Þ

Equation (10) is based on the same work by Den
Uijl,21 and it depends again on the transmission length
lbpt = lbpt,0.05.

Lastly, splitting stresses develop circumferentially in
reaction to radially directed compressive bond stresses,
see Figure 5, thus it should be analyzed as a three-
dimensional problem. In a simplified manner, fib Model
Code 2010 does not provide direct verification of the split-
ting stresses against fctd, but it uses a deemed-to-satisfy
approach, providing minimum amounts for cover and
clear spacing between strands, depending on concrete
strength grade.

It should be recalled that fib Model Code, as well as
other main building codes, allow alternatively the adop-
tion of strut and tie models (S&T) if the stress field has
an acceptable complexity to be explicitly modeled, and if
a sufficient amount of transverse reinforcement is present
to identify the tensed ties. Furthermore, other Codes, for
example, AASHTO,17 propose a single detailing rule for
the end-member region, thus superimposing the effects
of the multiple transverse stresses acting into a
single one.

2.2.2 | Design situations at ULS: Anchorage
design, flexural, and shear capacity

At the ULS, the anchorage of prestressing wires and
strands should be verified through Equation (3), accord-
ing to fib Model Code 2010. This formulation includes
directly lbpt = lbpt,0.95, thus assuming a lower bond
strength when external actions lead to an increase in the
stresses carried by the prestressing reinforcement.

The Code, for providing detailing rules, simplifies
Equation (1) for lbpt calculation to be included in
Equation (3) for some peculiar cases, that is, for a sudden
prestress release and good bond condition for the tendon:

lbpt0:95 ¼
0:10 �ϕ � σpi

f ctd
, for strands

0:15 �ϕ � σpi
f ctd

, for intended wires

8><
>: ð11Þ

Concerning the effects of external action, in both
bending and shear strength evaluation, it is important to
know how much prestressing force is acting at a given
section.23 Shear verification deserves special attention:
indeed, under shear loading, effectively bonded prestres-
sing strands work as a tension tie near supports; if the
bond is not fully developed, for example, inside the
anchorage length, less tie capacity is obtained. A recent
experimental and numerical work has been carried out to
analyze the effects of the prestress force in prestressed
concrete hollow core slabs, with varying geometry of the
webs, showing a complex effect of the varying prestres-
sing force along the end member that may reduce the
web-shear resistance.24 For these specific members, in
case of the absence of shear reinforcement, fib Model
Code 20103 provides a design equation for computing the
shear resistance of the resisting webs based on an elastic
analysis in uncracked conditions:

VRd,ct ¼ 0:8
Ic �bw,HC

Sc
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f ctd

2þα1 �σcp � f ctd
q

ð12Þ

t

r

FIGURE 5 Splitting stresses arising at prestress release

6 FALESCHINI ET AL.

 17517648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/suco.202200604 by C

ochraneItalia, W
iley O

nline L
ibrary on [15/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



where the reduction factor α1 identifies the ratio of the
distance from the end member to transfer length, and it
is typically assumed linear, being lx/lbpt,0.95. For the defi-
nition of lx, generally, the critical section considered for
the web-shear strength is fixed at one-half of the slab
depth, according to the scheme shown in Figure 6. If
Equation (12) is not satisfied, proper transverse reinforce-
ment should be designed.

3 | EXPERIMENTAL DATASET

A dataset comprising 899 transmission lengths and
206 bending tests for anchorage measures has been col-
lected, starting from the existing one collected by Pelle-
grino et al.,25 which has been integrated with recently
published results available in the scientific literature.
Overall, data come from 30 different experimental cam-
paigns described in 35 works, gathered from.26–61 For
each specimen, geometry, material properties, and test
methods were reported. From the initial data, a filtering
operation was carried out to select a homogeneous sam-
ple of specimens that covers only ordinary situations. For
instance, the experimental results obtained on specimens
with coated or rusted strands were excluded; the same
applies to the specimens realized with a concrete grade
above C90/105. After this filtering, the dataset includes
598 transmission lengths as experimental measures,
whereas the dataset for the anchorage length was not
modified. Some characteristics of the specimens belong-
ing to the filtered Lt dataset are summarized below:

i. the mean concrete compressive strength at 28 days
ranges between 30 and 89 MPa, while the same value
tested at prestress release is between 19 and 76 MPa;

ii. in the majority of the specimens (461 of 598), the applied
prestress is around 1375 ± 50 MPa; in the remaining
137 specimens, it ranges from 871 to 1800 MPa;

iii. the employed strands have a nominal diameter
between 9.5 and 18.0 mm;

lbpt,0.95

lx
Point of failure

Support
h/2 45°

FIGURE 6 Transmission length for ULS design situations

iv. a total of 475 (of 598) measures were calculated with
the 95% AMS method,58 while most of the remaining
123 measures were taken employing the ECADA
method49;

v. more than two-thirds of the specimens were realized
performing a sudden release of the strands
(425 of 598);

vi. more than 85% of the tested beams (510 of 598) are
small-scale specimens, while the remaining 88 are
full-scale beams.

Instead, for the La dataset, the following consider-
ations can be made:

i. the mean concrete compressive strength at 28 days
ranges between 25 and 100 MPa, at prestress release,
it is between 21 and 71 MPa;

ii. the initial prestress of the specimens ranges between
871 and 1424 MPa, while the ultimate strength of
strands varies between 1655 and 1903 MPa;

iii. the employed strands have a nominal diameter
between 6.4 and 15.7 mm;

iv. in about half of the dataset (99 specimens), strands
were gradually released, while for the remaining
107, strands were flame cut.

It should be recalled that, from the 206 bending tests
analyzed, not all of them provide a single value of the
anchorage length: indeed, the evaluation of the anchor-
age length is an iterative process, where the bending tests
are repeated by moving the applied flexural load along
the element longitudinal axis, to identify when the failure
mode changes from bending/shear to anchorage failure
(Figure 7a). Accordingly, from this dataset, it was possi-
ble to group the specimens into 41 homogeneous samples
to obtain 41 measures: note that only a few of them rep-
resent the true La value, but in most cases, they identify a
lower or upper boundary of the real anchorage length
value (Figure 7b,c).

The full and filtered datasets are available at the
authors' request, or alternatively, requesting them at the
fib TG 2.5.

4 | ASSESSMENT OF MODELS
UNCERTAINTY

This section shows the procedure adopted to estimate
model uncertainty, when analyzing the new formulations

FALESCHINI ET AL. 7
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proposed by the authors for the forthcoming fib Model
Code 2020, shown in Section 2.1, to calculate both trans-
mission and anchorage lengths. Specifically, Equations (1)
and (3) are the two models analyzed here. The procedure
is similar to that used by Mancini et al.6 within the same
fib TG works, and in other works by his co-authors.62,63

Model uncertainty ϑ is considered as a random vari-
able (r.v.), which represents the epistemic uncertainty of
the investigated models, and that can be directly evalu-
ated by comparing model to experimental results. As
reported in Bair�an et al. and JCSS,13,64 it can be evaluated
by means of a multiplicative or an additive relationship.
Following the former approach, it is possible to derive
the following expression:

R X ,Yð Þ≈ ϑ �Rmod Xð Þ ð13Þ

where R X ,Yð Þ represents the actual structural response,
that is, the one derived from laboratory tests, ϑ is the
model uncertainty and Rmod Xð Þ is the investigated quan-
tity estimated by the model itself, that is, in this case,
using Equations (1) and (3) and the coefficients in
Tables 3 and 4. X and Y are two vectors of known and
unknown variables, respectively, that can influence the
structural response and the modeled result. Note that R
(X,Y) is a function of both X and Y, while Rmod is a func-
tion of only X.

Starting from the i-th experimental observations col-
lected from the dataset, a sample of the i-th outcomes of
ϑ can be computed as:

ϑi ¼ Ri X ,Yð Þ
Rmod,i Xð Þ ð14Þ

where Ri is the actual investigated quantity obtained
from laboratory tests, and Rmod,i is that estimated by the
model. In this work, Ri and Rmod,i are substituted, respec-
tively, by li and lmod,i, which represent the actual trans-
mission (or anchorage) length evaluated from laboratory
tests and estimated by the models, respectively.

Figure 8 shows the sample of ϑi computed for the
transmission (a) and anchorage length (b). Analyzing in
detail the values assumed by ϑi, a dependency on the pre-
stress force release mode was observed, particularly visi-
ble for the anchorage length, even though a proper
coefficient was already present in the model equations
(coefficient αp1 in Equation (1)), as set according to the
experimental works by Russel and Burns.58,59 To remove
the dependency on the prestress release mode, two distri-
butions of ϑ were calibrated for each model, obtaining
the following combinations: transmission length with
gradual prestress release; transmission length with sud-
den prestress release; anchorage length with gradual pre-
stress release; and anchorage length with sudden
prestress release. To this end, the coefficient αp1 was
removed from Equation (1) (or set at 1, in all cases). After
this operation, the independence of ϑi from all the other
parameters considered by Equations (1) and (3) was veri-
fied. Figure 9 shows that the model uncertainty ϑ is inde-
pendent of the main parameters included in the models,
that is, σpi, f cm tð Þ, ϕ for the transmission length

FIGURE 7 Anchorage length estimation procedure based on varying the applied flexural loading point application

8 FALESCHINI ET AL.
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(Figure 9a), and σpd�σpcs
� �

, f cm, ϕ for the anchorage
length (Figure 9b). Since no significant trends were found
for any parameter in both cases, the statistical characteri-
zation of the model uncertainties was performed univo-
cally for all the range of variation of the parameters.

The calibration of the distributions of ϑ for each
model was made following two different procedures, one
for Lt and one La. In fact, the numerousness of the experi-
mental observations is very different in the two cases,
and for the anchorage length values, most of the data are
censored since the experimental testing procedure is iter-
ative and many times an upper or lower bound is pro-
vided, only, as Figure 7 shows. Concerning the ϑ
distributions of the transmission length models, the
assumptions of normality for ϑ and ln(ϑ) were verified by
means of a Chi-square goodness-of-fit test, with a

significance level α = 0.05. Figure 10 shows that the
hypothesis of normality for ϑ is not verified, while the
same hypothesis for ln(ϑ) is not rejected. In agreement
with JCSS,64 and according to this result, we assumed
that the most likely probabilistic distribution for model
uncertainties of the transmission length is the lognormal
one. Then, the expected value and the standard deviation
for both distributions of transmission length (with the
gradual or sudden release of prestress force) are esti-
mated with the Bayesian inference procedure, assuming
a non-informative prior distribution, according to Gel-
man et al. and Engen et al.65,66 The results, in terms of
mean value μϑ, standard deviation σϑ, and coefficient of
variation δϑ, are reported in Table 5. Results show that
the prediction of transmission length is quite accurate for
both the gradual and sudden release cases, in which

(a) (b)

FIGURE 8 Computation of ϑi for the transmission (a) and anchorage length (b) for both gradual (G—in red) and sudden (S—in blue)

release

(a)

(b)

FIGURE 9 Verification of the independency of ϑ on model parameters, respectively, for transmission length (a) and anchorage length

(b) for both gradual (G—in red) and sudden (S—in blue) release

FALESCHINI ET AL. 9
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expected values are, respectively, 1.05 and 1.10. However,
the dispersion associated with sudden release (0.36) is
greater than the one associated with gradual release
(0.26), as demonstrated by the values assumed by δϑ.

Regarding the ϑ distributions for the resistance
models of the anchorage length, it should be recalled
that the available experimental dataset is quite limited,
and it includes several right and left censored data. Fur-
thermore, the experimental evaluation of this quantity
is still a matter of research and scientific discussion,
since repeated bending tests are necessary to assess the
length at which anchorage failure occurs (Figure 7). As
a result, most of the data do not identify exactly the
anchorage length, but still provide useful information
which can contribute to the dataset. To consider the
information carried by these partial data, the maximum-
likelihood method (MLE) has been adopted for deriving
the distributions of ϑ. In this case, however, the normal-
ity test of ϑ and ln(ϑ) was not verified due to the reduced
number of experimental evidence, but we assumed that
lognormal distribution applies, both for the gradual and
sudden release cases. This assumption, even not veri-
fied, seems reasonable to the authors for the following
reasons: first, it is the same distribution used for the
transmission length, which represents physically one
part of the anchorage length; then, many works on
model uncertainty assessment have used the same dis-
tribution for ϑ applied to resistance models for rein-
forced concrete and bond mechanisms.6,64 Results,

again in terms of μϑ, σϑ, and δϑ, are reported in Table 5,
together with those of transmission length. It is worth
mentioning that when the sudden prestress release
applies, the resistance model significantly underesti-
mates the experimental results (μϑ = 1.93). On the con-
trary, the anchorage length computed by the model in
the case of gradual release seems to be slightly overesti-
mated (μϑ = 0.81). However, the δϑ of the two distribu-
tions is comparable (0.21 and 0.25, respectively, for
gradual and sudden release). It should be recalled that
this result has a great impact to understand how the
manufacturing method affects the anchorage length
required by a member: for instance, hollow core slabs
that are typically realized with no “cast-end” but only
with “dead-end” during strands cutting, with few energy
releases than in ordinary sudden prestress release
method, may require less anchorage length than the cal-
culated one. This consideration is in line with the
results obtained in,67 which experimental results are not
included in the dataset and thus constitute a valid inde-
pendent comparison.

5 | PROBABILISTIC MODELS
DEVELOPMENT

For both transmission and anchorage lengths, only two
quantities are assumed to be r.v., whereas all the others
are assumed to be deterministic. The first r.v. is the

(a) (b)

FIGURE 10 Normal probability plot of ϑ (a) and ln(ϑ) (b) for the transmission length for both gradual (G—in red) and sudden (S—in

blue) release

TABLE 5 μϑ, σϑ, and δϑ of the model uncertainty distributions, for the two resistance models and prestress release methods.

Lognormal distribution

Transmission length Anchorage length

Gradual release Sudden release Gradual release Sudden release

μϑ 1.05 1.10 0.81 1.93

σϑ 0.28 0.40 0.17 0.48

δϑ 0.26 0.36 0.21 0.25

10 FALESCHINI ET AL.
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concrete compressive strength f c, which follows a lognor-
mal distribution with a mean value f cm and coefficient of
variation δf c = 0.15.64 The second r.v. is the model uncer-
tainty ϑ, described by a lognormal distribution with μϑ
and δϑ, which values are reported in Table 5 according to
the present study. Note that the relatively high value of
δf c represents the variability of the cast in place concrete
members, while in laboratory conditions or for the pre-
cast concrete subject to factory controls, δf c may result in
lower values (0.05�0.06). However, to the end of this
study, the choice of adopting the largest δf c value seems a
precautionary and reasonable assumption.

The probabilistic models of the two lengths are
derived following the same procedure, starting from
Equation (1) or Equation (3), in the case of transmission
(lbpt) or anchorage (lbpa) length, respectively. They can be
both rewritten as:

lbpt=bpa f c, ϑð Þ¼ϑ �A tð Þ � f�1
2

c ð15Þ

where A tð Þ represents the multiplicative term grouping
all the deterministic parameters of Equations (1) and (3),
as reported in Table 6, and derived assuming an interme-
diate value for αp2 = 0.75. Note that in the remainder of
the study, the anchorage length will be indicated by lbpa
instead of lbpd; the subscript “d” will be used for indicat-
ing the design length only.

Following the formulation proposed in Taerwe
et al.,14 it is possible to derive a specific quantile q of the
lengths' distribution defined in Equation (15) as:

lbpt,q=bpa,q ¼A tð Þ �eμ�1
2

f c
�eμϑ � eΦ�1 qð Þ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln δ2ϑþ1ð Þþ1

4 ln δ2f c
þ1

� �q
ð16Þ

where eμf c and eμϑ are the median values (q = 0.50) of the
ϑ and f c distributions, respectively. Since code provisions
are usually expressed in function of the characteristic
value f ck of the concrete compressive strength, it is partic-
ularly useful to re-write Equation (16) as a function of f ck
instead of eμf c . Since f c is lognormally distributed, eμf c as a
function of f ck can be computed as:

eμf c ¼ f ck � e
�Φ�1 0:05ð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln δ2f c

þ1
� �q

ð17Þ

where q is set equal to 0.05. Substituting Equation (17) in
Equation (16), a specific quantile q of the length distribu-
tion can be computed in the following way:

lbpt,q=bpa,q ¼A tð Þ � f�1
2

ck �eμϑ
� e

1
2Φ

�1 0:05ð Þ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln δ2f c

þ1
� �q

þΦ�1 qð Þ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln δ2ϑþ1ð Þþ1

4 ln δ2f c
þ1

� �q

¼A tð Þ � f�1
2

ck �ζq
ð18Þ

where the probabilistic coefficient ζq is a function of q,
eμϑ, δf c , and δϑ and can be easily computed for each target
quantile q as:

ζq ¼eμϑ � e12Φ�1 0:05ð Þ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln δ2f c

þ1
� �q

þΦ�1 qð Þ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln δ2ϑþ1ð Þþ1

4 ln δ2f c
þ1

� �q

ð19Þ

6 | RESULTS AND DISCUSSION

6.1 | Probabilistic model for
transmission length

6.1.1 | Serviceability limit states verifications

In the design practice, the transmission length value is
mainly used for SLS verification of the transverse stresses
at the beam ends. In this case, the 0.05 quantile is
required, since the shorter the transmission length, the
more onerous the SLS verification. The transmission
length for each desired quantile q can be computed with
Equation (18), changing the probabilistic coefficients ζq.
In this document, only some significant notable cases are
reported in Table 7: the median transmission length lbpt,m
(with ζm, q = 0.50), the lower characteristic length
lbpt,k,0:05 (ζk,0:05, q = 0.05), and the design length lbpt,d
(ζd βð Þ). The design length lbpt,d can be set as a function of
a certain reliability index β, introducing Φ�1 qð Þ¼ αE �β
in Equation (19), where αE is the FORM correction factor
for the effects of actions, here assumed precautionary
equal to �0.7 also at SLS, given the high coefficient of
variation of ϑ (Table 5,3,4,65). Recall, indeed, that for this
verification, the transmission length acts at the action
side, whereas the resistance is provided by the tensile
strength of the concrete. According to,4 ζd is computed
for two target reliability index values, 2.9 for short-term
verification (1 year) and 1.5 for long-term verifications
(50 years).

TABLE 6 Equations for A tð Þ in Equation (14), with αp2 = 0.75

(intermediate between 0.5 and 1).

Transmission length Anchorage length

A tð Þ¼ Asp

πØ
αp2αp3σpi

ηp1ηp2 βcc tð Þ½ �1=3 A tð Þ¼ Asp

πØηp1ηp2

αp2αp3σpi

βcc tð Þ½ �1=3 þ σpd�σpcs
� �h i

FALESCHINI ET AL. 11
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The probabilistic models are then applied to an indic-
ative case study to compare their prediction with the
deterministic formulation expressed by Equation (1).
Hence, a set of given parameters were assumed for both
the case of gradual (Figure 11a) and sudden release
(Figure 11b): ϕ = 15.2mm, t = 3 days, σpi = 1300MPa,
αp3 = 0.5, ηp1 = 0.36, and ηp2 = 1. Overall, Figure 11
shows the values assumed by the transmission length as
a function of f ck, evaluated with the probabilistic model
from Equation (18) and adopting A tð Þ from Table 6,
depending on the probabilistic coefficients ζq selected
from Table 7 (i.e., median, lower characteristic and
design values for short- and long-term verification). In
these graphs, also the transmission length computed with
Equation (1) is represented (black line). For the gradual
release condition, results demonstrate that the transmis-
sion length computed with Equation (1) is close to the
ones computed with the probabilistic model associated
with a reliability index of 1.5. On the contrary, for the
sudden release case, the transmission length computed

with Equation (1) is close to the median values predicted
by the probabilistic model: this means that, for reaching
suitable reliability, comparable to the one obtained for
the gradual release, the transmission length should be
substantially reduced when sudden prestress method is
used. This result is due to the higher uncertainty associ-
ated with the sudden release case, as can be easily seen
in Figure 11c: indeed, the two cumulated density func-
tions (CDF), calculated varying the q values in
Equation (18), have different dispersion. In this example,
the variables used for the CDF computation are
f ck = 50MPa, t = 3 days, and σpi = 1300MPa.

According to this result, it can be confirmed that
Equation (1) brings different safety levels if gradual or
sudden prestress force release is applied. In the former
case, the quantile associated with the transmission length
computed with Equation (1) is q = 0.13 (corresponding
to β = 1.61), while in the latter the corresponding quan-
tile is q = 0.396 (corresponding to β = 0.38). For the
above parameters, aiming to a target reliability index
β = 2.9, the transmission length values provided by the
probabilistic models are 339mm for the gradual and
286mm for the sudden release cases, against, respec-
tively, 432mm and 540mm provided by Equation (1).

Finally, it should be stressed that employing the
results of a probabilistic formulation in other models
(e.g., those for stress control at the prestressed member
end) does not assure the attainment of the same reliabil-
ity level given by the initial formulation. In fact, it has

FIGURE 11 Transmission length computation for SLS verifications for gradual (a—red) and sudden (b—blue) release; and

transmission length CDFs (c)

TABLE 7 Probabilistic coefficients ζq for the transmission

length computation at SLS.

ζm ζk
ζd

q = 0.5 q = 0.05 β = 1.5 β = 2.9

Gradual release 0.90 0.58 0.68 0.52

Sudden release 0.92 0.51 0.63 0.44

12 FALESCHINI ET AL.
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been proved that Model Code provisions for bursting and
spalling are not always on the safe side,68 but the reliabil-
ity evaluation of these aforementioned models is out of
the scope of the present study, and further studies linked
to the local behavior at the members' ends are necessary.

6.1.2 | Ultimate limit state verification

Other than SLS verifications, the transmission length is also
used for shear capacity verification at the ULS. In this case,
the 0.95 quantile is required, since the longer the transmis-
sion length, the more onerous the ULS verification. As
already explained, according to the probabilistic model, the
transmission length can be computed with Equation (18)
for each desired quantile q, changing the probabilistic coef-
ficients ζq. Here, the median transmission length lbpt,m
(with ζm, q = 0.50), the upper characteristic length lbpt,k
(with ζk , q = 0.95), and the design length lbpt,d (ζd βð Þ) are

computed. As previously stated, ζd can be set in function
of a certain reliability index β, introducing Φ�1 qð Þ¼ αR �β
in Equation (19), where αR is the FORM sensitivity factor
for resistance. Recall in fact that for this verification the
transmission length acts at the resistance side (see
Equation (12)), while the action is provided by the shear
due to the external forces. According to,4 for ULS, ζd is
computed for β = 3.8 and β = 4.3, respectively, in case of
moderate or high consequence failure, considering
αR = 0.8. Table 8 lists the probabilistic coefficients ζq for
the transmission length computation at ULS.

The probabilistic model for the transmission length
evaluation for ULS verification is computed here for a
case study, fixing the following variables: ϕ = 15.2mm,
t = 3 days, and σpi = 1300MPa, and considering
αp3 = 0.5, ηp1 = 0.36, and ηp2 = 1. Figure 12a,b shows,
respectively, the results for gradual and sudden release as
a function of f ck , where median, higher characteristic,
design values for moderate and high consequence failures
are shown in color, and the black line represents instead
the predictions from Equation (1) (recall, with αp2 = 1).
Particularly, Figure 12a shows that Equation (1) provides
very close results to those obtained with the probabilistic
model with probabilistic coefficients set for reaching
β = 3.8: the two continuous lines are almost overlapped.
Instead, Figure 12b shows that the safety margin is lower.
Lastly, Figure 12c shows the transmission length CDFs
computed for f ck = 50MPa. Values predicted by

TABLE 8 Probabilistic coefficients ζq for the transmission

length computation at ULS.

ζm ζk
ζd

q = 0.5 q = 0.95 β = 3.8 β = 4.3

Gradual release 0.90 1.40 2.04 2.27

Sudden release 0.92 1.66 2.73 3.16

FIGURE 12 Transmission length computation for ULS verification for gradual (a—red) and sudden (b—blue) release; and transmission

length CDFs (c)

FALESCHINI ET AL. 13
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Equation (1) are 1298mm and 1623mm, respectively, for
gradual and sudden release, which are associated with
q = 0.9984 (β = 3.68) and q = 0.9974 (β = 3.49).

The results obtained here demonstrate again that the
deterministic model from Equation (1) is not able to guar-
antee the same reliability for the two release types; accord-
ingly, transmission length for the sudden release should be
increased when ULS verifications have to be carried out.

6.2 | Probabilistic model for anchorage
length

The anchorage length is needed for the calculation of the
moment and shear capacity of the members at ULS.
Thus, the longer the anchorage length, the more onerous
the ULS verification. The anchorage length for a specific
quantile q can be computed with Equation (18). As done
for lbpt , here only some significant notable cases are listed
in Table 9: the median length (ζm, q = 0.50), the upper

characteristic (ζk, q = 0.95), and the design anchorage
length (ζdðβÞ). Similar than in Section 6.1.2, ζdðβÞ can be
set as a function of a certain reliability index β, introduc-
ing Φ�1 qð Þ¼ αR �β in Equation (19), where αR is the
FORM sensitivity factor for resistance. According to
CEN,4 ζdðβÞ is computed for β = 3.8 and β = 4.3, respec-
tively, in case of moderate- or high-consequence failure
and considering αR = 0.8. Results are computed fixing
the same parameters of the two previous cases, adding
σpd = 1800MPa and σpcs = 1200MPa, and are shown in
Figure 13a,b, respectively, for the gradual and sudden
release case. In both the figures, colored lines are
obtained applying the probabilistic models varying the
quantile and reliability target, whereas the black line rep-
resents the results obtained with the deterministic model
from Equation (3). Figure 13a shows that when
Equation (3) is applied, it allows achieving a higher reli-
ability index than 4.3, while when the same equation is
applied to the sudden release case, the reliability is seri-
ously lower (Figure 13b). The black line lays in fact just
between the blue dotted and dashed lines: the anchorage
length previsions by Equation (3) are associated with
q = 0.76, definitively not acceptable for a ULS verifica-
tion. Figure 13c shows the anchorage length CDFs com-
puted for f ck = 50MPa: from this figure, there is a clear
difference in dispersion between the two curves.

According to these results, it can be affirmed that the
reliability level associated with Equation (3) is totally differ-
ent between the gradual and the sudden release case; for

TABLE 9 Probabilistic coefficients ζq for the anchorage length

computation at ULS.

ζm ζk
ζd

q = 0.5 q = 0.95 β = 3.8 β = 4.3

Gradual release 0.70 1.01 1.37 1.50

Sudden release 1.66 2.52 3.60 3.99

FIGURE 13 Anchorage length computation for gradual (a—red) and sudden (b—blue) release; and anchorage length CDFs (c)

14 FALESCHINI ET AL.
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obtaining a comparable safety level, the design length in
the case of gradual release should be reduced, while the
design length in case of sudden release should be signifi-
cantly increased.

7 | CONCLUSIONS

Within the fib TG2.5 “Bond and Material Models,” slight
modifications to the current formulations for the design
of transmission and anchorage length in prestressed con-
crete members are currently under discussion. These for-
mulations, reported in Section 2.1 of the present work,
were used as a starting point to develop new probabilistic
models, shown in Equation (18), where the probabilistic
coefficients ζq are function of q, eμϑ, δf c , and δϑ and can
be easily computed for each target quantile q.

Comparing the predictions from both the determinis-
tic and probabilistic models, within the range of analyzed
variables, the following results were achieved:

• adopting the deterministic formulation for the trans-
mission length estimation within SLS verifications, it is
not possible to guarantee the same reliability if gradual
or sudden prestress release is applied. Particularly, to
achieve a target reliability index β = 2.9, the transmis-
sion length values should be shorter than the ones
obtained with Equation (1);

• adopting the deterministic formulation for the trans-
mission length estimation within ULS verifications, it
is not possible again to guarantee the same reliability if
gradual or sudden prestress release is applied. Particu-
larly, the transmission length values obtained with
Equation (1) for the sudden release should be larger;

• lastly, adopting the deterministic formulation for the
anchorage length estimation, it was demonstrated that
the design length in case of gradual release should be
reduced, while the design length in case of sudden
release should be significantly increased, to achieve
the same reliability index.

AUTHOR CONTRIBUTIONS
Flora Faleschini: Conceptualization, methodology, for-
mal analysis, writing (original draft and review), and
supervision. Lorenzo Hofer: Formal analysis, visualiza-
tion, and writing (original draft and review). Sergio Bel-
luco: Formal analysis, visualization, and writing
(review). Carlo Pellegrino: Project management, super-
vision, and writing (review).

ACKNOWLEDGMENT
Eng. Filippo Zattra is gratefully acknowledged for this
help during the dataset review and integration.

NOTATION
Asp Cross-sectional area of the tendon
A tð Þ Constant in Equation (15), reported in

Table 6
bbs Width of the prism for bursting stresses
bsl Width of the prism for spalling stresses
bw Thickness of the individual web or the total

width b of the slab in case of a solid slab
bw,HC Width of the cross-section at the centroidal axis
eo Eccentricity of the prestressing steel
f bpd Bond strength for anchorage in ultimate limit

state
f bpd Design value of the bond strength for pre-

stressing tendons
f bpt Bond stress at the release of tendons
f c Random variable representing the concrete

compressive strength
f ck Characteristic value of the concrete cylindri-

cal compressive strength
f cm Mean value of the f c distribution
f ct Concrete tensile strength
f ctd Design concrete tensile strength
f pt Ultimate tensile strength at x = La
f ptd Design tendon strength
Fsd Design force per tendon
f se Effective prestress after all losses (MPa)
h Section height
hbs Height of the prism for bursting stresses
Ic Second moment of area
k Core radius taken equal to the ratio of the

section modulus of the bottom fiber and the
net area of the cross-section (Wb/Ac)

La Anchorage length
Lb Flexural bond length
lbp Basic anchorage length
lbpa Anchorage length as addressed in the current

paper
lbpd Design anchorage length of a pre-tensioned

prestressing tendon
lbpt,0:05 5% quantile of the lbpt distribution
lbpt,0:95 95% quantile of the lbpt distribution; lbpt

Transmission length of a pre-tensioned
tendon

lbs Length of the prism for bursting stresses
ln �ð Þ Natural logarithm
lpt Basic value of the transmission length
lpt2 Upper design value of transmission length

computed as lpt2 ¼ 1:2 � lpt
lsl Length of the prism for spalling stresses
Lt Transmission length
lx Distance from the beam end: generally, the

critical section considered for the web-shear
strength is fixed at one-half of the slab depth
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M Moment given by the concrete stresses above
section B-B for spalling stresses

Mexp Experimental bending moment depending
on the location of the applied load

Mult Ultimate resistant bending moment
n1, n2 Numbers of tendons above and below

section A-A for bursting stresses
Nbs Bursting force
Nsl Spalling force
P0 Initial prestressing force just after release in

the considered web or the total prestressing
force of the slab in case of solid slabs

q Quantile of the lbpt and lbpa distribution
R X ,Yð Þ Actual structural response derived from labo-

ratory tests
Rmod Xð Þ Response estimated by the model
Sc First moment of area above and about the

centroidal axis
t1 Distance between the centroid of tendons

above section A-A to the centroid of the
prism for bursting stresses

t2 Distance between the centroid of the con-
crete stress block above section A-A to the
centroid of the prism for bursting stresses

VRd,ct Design shear resistance for single-span pre-
stressed hollow core slabs without shear
reinforcement

X Vector of known variables
Y Vector of unknown variables
zbs Internal lever arm of the bursting forces
zsl Internal lever arm of the spalling forces
α1 Coefficient considering the type of release

(1 for gradual release; 1.25 for sudden
release)

α2 Coefficient considering the type of prestres-
sing tendon (0.25 for tendons with circular
cross-section; 0.19 for 3- and 7-wire strands)

αE FORM correction factor for the effects of
actions

αR FORM correction factor for the resistance
αe Can be computed as eo�kð Þ=h≥ 0
αp1 Coefficient considering the type of release

(Table 3)
αp2 Coefficient considering the action effect to be

verified (Table 3)
αp3 Coefficient considering the influence of bond

situation (Table 3)
β Reliability index
γ1 Supplementary safety factor against over-

stressing equal to 1.1 for bursting stresses
γc Partial safety factor for concrete material

properties equal to 1.5
δf c Coefficient of variation of the f c distribution

δϑ Coefficient of variation of the ϑ distribution
εc Concrete strain in section x
εce Concrete strain at x = Lt
εpe Strand strain at x = Lt
εps Strand strain in section x
ζq Probabilistic coefficient for a specific quantile

q or reliability index β (subscript m for
median value, k for upper/lower characteris-
tic value, and d for design value)

ηp1 Coefficient considering the type of prestres-
sing tendon (Table 4)

ηp2 Coefficient considering the position of the
tendon (Table 4)

ϑ Random variable representing the model
uncertainty

ϑi i-th outcome of the random variable ϑ
μ1 Coefficient considering the bond condition

(1 for good bond conditions, 0.7 otherwise,
unless a higher value can be justified with
regard to special circumstances in execu-
tion)—Eurocode 24

μp1 Coefficient considering the type of prestres-
sing tendon (1.4 for indented and crimped
wires; 1.2 for 7-wire strands)—fib Model
Code 20103

μp1 Coefficient that considers the type of tendon
and the bond situation release (2.7 for
intended wires; 3.2 for 3- and 7-wire
strands)—Eurocode 24

μp2 Coefficient considering the position of the
tendon (1 for all tendons with an inclination
of 45–90� with respect to the horizontal dur-
ing concreting; 1 for all horizontal tendons
which are up to 250 mm from the bottom or
at least 300 mm below the top of the concrete
section during concreting; 0.7 for all other
cases)—fib Model Code 20103

μp2 Coefficient that considers the type of tendon
and the bond situation at anchorage (1.4 for
indented wires and 1.2 for 7-wire strands)–
Eurocode 24

eμfc Median value of the f c distributioneμ Median value of the ϑ distribution
μϑ Mean value of the ϑ distribution
σbs Bursting stresses
σcp Concrete compressive stress at the centroidal

axis due to prestressing, in the area where
the prestressing force is fully introduced

σpcs Tendon stress due to prestress including all
losses

σpd Tendon stress under design load
σpe Strand full effective prestress at x = Lt
σpi Steel stress just after the release

16 FALESCHINI ET AL.
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σpm,∞ Prestress after all losses
σpm0 Tendon stress just after the release
σps Strand stress in section x
σsl Spalling stresses
σsp Spalling stresses according to EN 116822

σϑ Standard deviation of the ϑ distribution
ϕ Strand diameter (mm)
Φ Cumulative distribution function (CDF) of

the standard normal distribution
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