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ABSTRACT:

In order to optimize the end block of a prestreggiedker, nonlinear finite element models are
frequently used. This way the stresses and possihaleks in the anchorage zones can be
predicted in a more reliable manner. However, dimpneary parametric study of nonlinear
finite element models has shown that the transiegth has a major influence on the stresses
in the concrete and in the reinforcement, and @ drack formation. In this paper this
transfer length is examined, firstly by performiagparametric study of the formulations
found in literature, secondly by measurements @amiseproduced at a precast concrete plant.
The aim of this parametric study and the experialersearch is to get further insight into
the transfer length function as required for furthemerical analysis of the end zones.
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INTRODUCTION

Pretensioned concrete girders have been used foy gears in construction. Nevertheless,
optimization is still possible, especially regaglithe anchorage zones. These are typically
subjected to different types of stresses due toldbal transfer of the prestressing force.
Generally, the beams are provided with an end bhlaokl are designed by making use of
analytical or strut-and-tie models. However, thesedels lack clarity regarding the
reinforcement design, the transfer length, the hwiolt possible cracks, etc. Moreover, the
calculated reinforcement does not automatically lymghe most economic solution.
Furthermore, the need for the end block itself a$ obvious. By using a nonlinear finite
element model, the stresses in the anchorage zomeodthe prestressing forces can be
predicted in a more reliable way. Analyzing theselals shows that the transfer length is the
most important parameter. Several transfer lengdasurements were performed on the
production line of a precast beam manufacturer nduthe prestressing operation. The
experimental results are compared with data froendiure.

FINITE ELEMENT MODELING

Nonlinear finite element modeling allows simulatiaggirder in an accurate way, and the
behavior of the end zone can be analyzed direntlyD with the correct material laws. In
order to illustrate the need for an accurate assasisof the transfer length, the results of a
nonlinear analysis on a typical prismatic girdethwut enlarged end zone are shown. The
finite element model is based on the contributioh®kumus and Oliva [1,2], and consists of
an I-shaped cross-section with a height of 600 mmyjdth of 300 mm and 9 seven wire
strands of 93 mm?2 in cross-section (Figure 1).
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Figure. 1 Front view and detail of the modeled getmyn

A reduced length of 4 meter is chosen in order vimize the calculation time while the
remainder of the beam is represented by adequatalboy conditions (Figure 2).
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Figure. 2 Boundary conditions Figure. 3 Modeled reinforcement




The passive reinforcement bars are modeled as lelastic embedded elements, as they are
not expected to yield during the prestress tran§iarthe other hand, the strands are modeled
as circular holes over the transfer length (Figgir¢3]. A linearly distributed shear stress is
assigned along the outline of the holes. This shgass has its maximum at the end face and
decreases to zero at the end of the transfer |¢agth

Regarding the embedded steel, only the densitymiba@ulus of elasticity, and the Poisson’s
ratio need to be defined. The values of these patemare given in Table 1.

Densityp [kg/m?3] 7800
Modulus of elasticity fMPa] 200000
Poisson ratias [-] 0.3

Table 1 Material properties of steel

The material parameters of the concrete are basdldeoconcrete damaged plasticity model
as provided in the Abaqus material library. Thisdelois appropriate for simulating the

nonlinear behavior of concrete in compression ds agein tension. The basic values of the
concrete model are given in Table 2.

Density p [kg/m3] 2500
Poissonvg [-] 0.2
Dilatation angle [°] 36
Excentricity [mm] 0.1

foo/feo [-] 1.16

K[-] 0.666

Table 2 Material properties of concrete

The nonlinear parameters for the compressed ca&sdeatermined by using the fib Model
Code (2010) [5], in combination with the AASHTO LBMBridge Design Specifications [3]
for the linear part of the stress-strain diagrarhe Thodulus of elasticity is calculated by
using the ASHTOO [3] instead of the Model Code [B]the tensile part, the linear part uses
the modulus of elasticity mentioned above, whetbasrelationship between the concrete
tensile stress and the crack opening for concretension is based on the fib Model Code [5]
(Figure 4).
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Figure. 4 Constitutive model for concrete in consgren (left) and tension (right) [1, 2, 6]
Figure 5 shows a typical result of the principatsiée strains representative for cracked

concrete zones in view of the model as represehtedrigure 4. Figure 6 displays the
corresponding rebar stresses in the stirrups andlihque rebar.
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Figure. 5 Maximum principal strains in the concrekégure. 6 Stresses in the reinforcement

During the analysis different parameters were stiduch as the transfer length, the concrete
strength, the influence of varying fracture enemgfg, The preliminary conclusion is that the
transfer length, which is examined by varying iue from 40 to 80 times the nominal
strand diameter, has a major influence on the steem the reinforcement. It can be noticed
that the rebar stresses increase remarkably wieetnathsfer length is lower than 60 times the
strand diameter. For the model presented, thessises the stirrups and the oblique rebar
show a nonlinear descending trend when increabmgransfer length (Figure. 7).
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For that reason it is useful to examine the diffefermulas from literature, in order to gain
insight into the different influencing parametefstite transfer length. Moreover the results
will be compared with measurements on beams pradaicthe precast concrete plant.

PARAMETRIC STUDY OF THE FORMULASFOR TRANSFER LENGTH
ESTIMATIONSFROM LITERATURE

Over the years, the transfer length in a prestiegsder has been examined extensively. In
view of the relevance of this transfer length ire tend zone reinforcement assessment
through nonlinear finite element modeling, a parametudy of formulas from literature is
conducted as a matter of comparison with the medsualues given further in this paper.
The parametric study is based on the work of Poffjland J.R. Marti-Vargas et al. [8] and
compares 16 formulations from 13 sources (See T3ble

ACI 318-11 [6] P Balézs [18] by =22 ol
Martin and Scott [10] Ly = 800 AASHTO [3] Ly = 600
Zia and Mostafa [15] Ly = a";@ —b Lane [12] Ly = 4‘%@ —127
: 0,0 (20,7 o (1= 0)?
Mitchell et al. [16] Ly= 20’7\/ - Kose and Burkett [13]| i, = o,osT




Shahawy et al. [11] L= Mahmoud et al. [19] Ly = a”;;@
Cousins etal. [17] | 1, =% osUn/a MC 2010 [14] Ly = apappay, 2 %
T[Q)U't fci B Y nplnpzfctdi
EC2 - 2004 [9] Ly = a;a,0 i
nplnpzfctdi

Table 3 Formulas parametric study

Given the wide range of parameters present in #news formulations, the parametric study
was conducted for (seven wire) strands with diamsetdé 9.3 mm and 12.5 mm, with a
gradual and sudden release after 1, 3, and 5 daygkfor concrete strengths C55/67 and
C60/75. This selection is based on the materiadd by the manufacturer and on the beams’
manufacturing process. This way the experimentsulte can be compared with the
theoretical estimations based on literature. Tdbtgves the values of the fixed parameters,
according to the work of Marti-Vargas et al [8 = 0.75fy, opi = 0.935p1, 6pes = 0.8 and
opa= 0.9f,. Table 5 shows the variable parameters.

fou tensile strength of prestressing strands 18@0a
Opt initial prestress in prestressing strand priarelease 1395MPa
Opcs effective stress in prestressing strand aftgpraktress 1116MPa
Opi effective stress in prestressing strand just gitestress transfer 1297 MPa
Ops maximum stress in strand at loading 16WWPa
S Coefficient which depends on the cement type Q-18

Table 4 Fixed parameters

concrete compressive strength at time of release

fo [eq. 3.1 of EC2 with 5=0,18 for CEM | 52,5 R] [MPa]

fel concrete compressive strength at loading [fcl5fcl]. [MPa]

fek concrete compressive strength at 28 days [MPa]
fet concrete tensile strength at 28 days [MPa]
fetd() concrete tensile strength at time of release [MPa]
] nominal diameter of prestressing strand [mm]
Ap cross-sectional area of prestressing reinforcement [mmZ]

t time of release [days]

Bec coefficient which depends on the age of the cdacre [-]

P« choice of prestress force [kN]

Table 5 Variable parameters

The choice of parameters given above leads to h#bewtions, for which the calculated
transfer lengths are listed in table 6.

For the results at a release time of one day itilshbe noted that although formulation 3.1
from EC2 [9] for calculating the compressive stitbngt early age is only valid for ages
between 3 and 28 days, the formulation is also tmeal concrete age of one day.

From Table 6 it is easily observed that the trankfegth foremost depends on the strand
diameter with larger transfer lengths correspondimdarger strand diameters. Since the
effective stress in the prestressing strands i$ &epstant for the 4 formulations (ACI [6],

Martin and Scott [10], Shahawy et al. [11], AASHTAS)), the strand diameter is the only
parameter. However, as the coefficients in thesendtations are not equal they render
transfer length predictions differing up to 54% g@ared to the smallest value. The
formulations of Lane [12] and Kose and Burkett [£Bhsider concrete strength as well. MC



2010 [14], EC2 [9] and Zia and Mostafa [15] alsokena distinction in the way of release.
Regarding this time dependent effect, and lookintpe calculated values of Zia and Mostafa
[15], the transfer lengths for sudden release rarkli of the 12 cases larger than for gradual
release, with a maximum difference of 9.5%. Thaigalof MC 2010 [14] and EC2 [9], on
the other hand, indicate a 20% larger transfertlemg case of sudden release, which is
related to the parametey. If the time of release is further evaluated, trensfer length
decreases with increasing age of the concrete.i$histiceable in every formula except for
the 4 equations which depend on the strand diaimeterin the equations by Lane [12] and
Kose and Burkett [13]. Finally, when the strandnuigder and time of release are kept
constant, it can be determined that the transfegtte reduces as the concrete strength
decreases. In case of a strand diameter of 9.3herlatgest values exceed the lowest ones
by 13%, while for the 12.5mm strand diameter thasximum difference is 12%.

e =) =] o =] o
o =] o o =] o - (2] Yol - (2] n
o @ 0 o @ 0 = ~ ~ ITo) frel el
s |5 |8 R 2|22 | 2|3 |k |5
parametric study 16 6 16 S S S B B B 3 3 3
Lo [Te) Lo () () O O (@) (@) (@) (@) O
e ol 9 gLl elg |l |a|=a|a|a |2
™ o ™ o ™ I N i N i N N
(2] (2] (o2} (2] (2] (o2} — - — — — —
S Q S Q Q S Q S Q S Q S
ACI 318-11 [6] 501 501 501 501 501 501 674 674 671 674 674 674
Martin and Scott [10] 744 744 744 744 744 744 1000 1000 1000000 | 1000 1000
Zia and Mostafa (gradual) [15] 741 417 351 663 3715 315 61(Q1 580 491 910 524 444
Zia and Mostafa (sudden) [15] 805 43] 35p 714 3§82 314 1123619 517 1000 554 462
Cousins et al. [17] 793 620 578 755 594 550 1061 818 762 999 83 T 730
Shahawy et al. [11] 583 583 583 583 588 583 743 783 783 783 3 78 783
Balizs [18] 583 473 446 559 456 430 784 636 599 792 613 578
Mitchell et al. [16] 577 445 413 548 425 395 774 598 555 737 715| 530
Lane [12] 817 817 817 738 738 739 1141 1141 1141 1036 1036 1036
Mahmoud et al. [19] 652 460 416 609 431 391L 876 618 559 817 1 48 526
Kose and Burkett [13] 648 648 648 62( 620 620 1244 1244 1%44191 1191 1191
EC2 - 2004 (gradual) [9] 851 569 514 814 54B 440 1144 765 0 69 1092 730 645
EC2 - 2004 (sudden) [9] 1064 711 64 1015 679 600 1430 956 63 1365 912 806
MC 2010 (gradual) [14] 797 533 481 761 509 44p 1061 709 640 0121| 677 598
MC 2010 (sudden) [14] 996 666, 601} 951 63p 562 13p6 886 800 661P 846 748
AASHTO [3] 558 558 558 558 558 558 750 75( 750 750 790 750
1 2 3 4 5 6 7 8 9 10 11 12
Average 732 573 540 696 548 515 1011 799 794 961 764 119
Standard deviation 159 120 133 14 11f 130 222 199 218 202 192212
Minimum 501 417 351 501 375 314 674 58( 491 67¢% 534 444
Maximum 1064 817 817 1015 744 744 1430 1244 1244 1365 191 j191
# times strand diameter 79 62 58 79 54 5 8L 64 (5[0] 17 bl b8

Table 6 Calculated transfer length [mm] based aroua sources

Figure 8 shows the minimum, maximum, and averagasfer length values for the 12
considered scenarios. Clearly there is a big gcattehe results. Given this observation,
transfer length measurements were carried out glunormal production at the prefab
concrete plant.
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Figure. 8 Summary parametric study
EXPERIMENTAL WORK

As mentioned in the first part, measurements werglgcted on beams produced at the plant
during normal production. A non-shrink adhesive wsasd to attach several measuring points
to the concrete’s surface at the level of the lostands. With an invar reference bar,
provided with two conical locating points, the m@@snent points were placed at a fixed
distance of 100 mm. Near the end face of the bdwnnteasuring points were placed in
overlay, with an intermediate distance of 50 mnornder to obtain more accurate results near
the beam end. The distance between the pointsasured with a DEMEC mechanical strain
gauge, with a resolution of 16 microstrain. The sueaments render strain values based on a
100 mm gauge at 50 or 100 mm intervals which aesgted hereafter.
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Figure. 9 Measurement locations

35 beams, with 4 different geometries and 2 typeomcrete, were instrumented and
measured over 7 production lines. All the strandseweleased gradually, except for beams 3
to 6. Equally not every beam was prestressed Welsame prestress force (See Table 7).
Although all beams of equal geometry were cast sm@gle production line, the concrete was
made at different days, so the concrete had ardiftestrength at time of release. These exact
strength values, however, were not available fostnb®ams. Therefore, the compressive
strength was determined on cubeg.éh) of 150 mm at 28 days (see Table 7).



concrete age compressi prestress prestress force creteon age compressive| prestress prestress force
strength concretg strenght af force strands debastdmtis strength concrete strenght al force stranfls bonded strands
beam beam
class [days]| 28 days [MPa] lower flange [kIN] lower dar{kN] class [days] | 28 days [MPd] lower flange [kIN] vfiange [kN]
11200/450-1 20 80.9 11600/600-17] 7 80.3
C60/75
11200/450-2 2 78.7 11600/600-1§ 2 77.5
11200/450-3 1 94.4 11600/600-19 8 75.4
3875.2 553.6
11200/450-4 y 1 94.4 11600/600-20 C55/67 SCC 5 76.4 5259.2 830.4
C60/75
11200/450-5 2 11600/600-21 9 76
11200/450-6 2 11600/600-22 6 76.3
11000/500-7 1 11600/600-23 ? 70.4
11000/500-8 2 69.9 11450/600-24 2 90.9
11000/500-9 3 73.9 11450/600-24 7 91.5
C55/67 SCC
11000/500-19 6 71.6 11450/600-2¢ 3 92.9
C60/75
11000/500-11 8 73.4 11450/600-27] 8 92
2768 553.6
11000/500-17 7 76 11450/600-2§ 4 92.1
11400/600-13 3 73.9 11450/600-29 9 82.1
4860.8 1107.2
11400/600-14 7 76 11450/600-3( 4 97.7
C55/67 SCC
11400/600-14 6 71.6 11450/600-31f 7 93.3
11400/600-1§ 8 73.4 11450/600-32 5 89.7
C60/75
11450/600-33 10 87.5
11450/600-34 6 92.1
11450/600-34 11 83.8

Table 7 Overview tested beams

From Table 7, it can be concluded that the avevafige of the cubic compressive strengths
(fecubm) @t 28 days of concrete class C55/67 is 74.5 Miéaording to EN 206:2014, section
8.2.1.3, this value has to be larger thamnf+ 4 MPa (71.0 MPa). For this concrete type the
specimens’ strength meets the requirement of tleeifsgd concrete strength class. For the
concrete strength class C60/75 these values aBeMBRa and 79.0 MPa respectively, so the
measured strength exceeds the required strength WitMPa. In Figure 10 the measured
strain values are shown separately and in Figurallliheasurements are combined in one
graph. Based on the obtained curves it is difficaltdetermine the actual transfer length.
Vertical dotted lines on the graphs in Figure 1icgate the approximate end of the transfer
length, based on the gradient of the curve. Irfitesegraph, two vertical lines can be marked,
one at a distance of 480mm from the beam’s end,omedat a position of 680mm. These
lines indicate the minimum and maximum distancanfravhich the strains remain at a
constant level. In the second graph, considerirgmb& up to 12, the transition point is
located between 580mm and 680mm. For beams 1 &amd 247 to 23 a similar curve shape is
noticed, as well. The curves of beam 24 to 35,hendther hand, show an increasing trend
until approximately 280mm, then the slope changes & more slowly ascending trend is
observed. The strain values for beam 13 to 16 kgep increasing.
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Figure. 10 Results of the strain measurementsnation of the distance from the end of the
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Figure. 11 Overview of all the strain measuremanfanction of the distance from the end
of the beam

L ocation of the measuring points

Regarding the different graphs of the end zoneinstnaeasurements (Figure 10), three
different shapes of curves can be observed, asonedtbefore. This can be explained by the
position of the measuring points relative to thetad of the strands. In order to clarify, the
three strand configurations of the beams of equiathw are presented in Figure 12.
Considering the group of lower strands, it can eenined that the measurement points of
beams 24 to 35 are situated approximately at te k& the centroid of the active strands.
Beams 17 to 23 have 3 rows of 12 strands of whiaeldonded strands, and 1 row of 2
strands. The measuring points were attached betthedirst and the second layer, at 80 mm



from the bottom of the beam, and not at the cethtodithe active strands, at 110 mm (Figure
12). This is thought to influence the strain meaments, resulting in the different shapes of
the curves (Figure 10). Looking at beams 13 tothié,bottom layer consists of 10 strands,
the second one of 8 strands and the top layer lgf 2anFor these beams the measurement
dots were placed at the bottom layer level andabhdhe centroid of all strands, as the outer
strands of this bottom layer are closer to therddtedges of the lower flange. In general, the
evolution of the measured strain in the transferezdepends on the position of the measuring
points. Moreover, for beams 13 to 16, the smalleniper of strands and the fact that the
strands are located in the central part of thegtacause a lateral dispersion over a longer
distance resulting in a slower strain increaseiutore measurements, the measuring points
will be attached at different distances from thedofiber to confirm this observation.

0 o0 o0 © o o0 o0 o o x 0O 0O O 0 0 O 0O 0 O 0O x

o O

O 0 0 0 O O 0 O ©

©o o o o

o]
o o
o [0 O O O o
O 0 0O 0O O 0O O O
o o

o o o o o 0o 0o 0O O
pa]

60 [40]40]40]

40]40]40]
60 Jao]a0]

Oﬁ’OOOOOOOOOOO
S
=

°
00 00 o000 O o E|

80

o

o
3
"I

70 90 40 40 40 40 40 40 40 90 70

| | 70 50 40 40 40 40 40 40 40 40 40 50 70 | | 70 50 40 40 40 40 40 40 40 40 40 50 70 |
\ 600

\ 600 600

Beams 13-16 Beams 17-23 Beams 24-35

Figure. 12 Strand configuration and location of sugang points

Validation of the parametric study

A parametric study of the transfer length estinrafarmulas was carried out. The parameters
studied showed that the concrete strength clasgjrtte of release, the strand diameter, and
the way of prestressing are determining factordiertransfer length. These parameters will
be investigated based on the experimental results.

» Concrete strength

Two concrete strength classes were used: C60/7Befams 1 to 6 and C55/67 for beams
7 to 12. Despite these different strengths for beames with altered geometries and
varying prestress forces, the transfer length nreasents of the two series can be
compared. Analyzing the results of beams 1 to 6 atm 12 (Figure 10) it appears that
the graph shape of the first beam series approdbkdsorizontal asymptote faster. This
confirms that a higher concrete strength resulesshorter transfer length.
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Figure. 13 Position strands beams 1 to 12

> Thetime of release

Only for beams 24 to 29 and 30 to 35, the cong®ength is known at the time of strand
release. Figure 14 shows these measured compressereggths £,om at the time of



release as well as the early age compressive #trawplution based on the average
measured compressive strengths.hat 28 days [3].
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Figure. 14 Measured and calculated compressivegitre at early age

For beam 29 e.g. the average compressive strengh3 MPa, which is the lowest value
in its series. The highest average value here i$ 8#Pa and occurred for beam 28.
However, this remarkable difference of 18.8 MPaas reflected in the graphs in Figure
10. A similar observation is valid for beams 303t where the difference of 11.2 MPa
between the lowest and highest measured compresisamgth at the time of release is
not reflected in the measured strain in the trarsfee.

In addition, the considered beams’ compressivengtheat early age is generally higher
than estimated based on the measured strength @y28 This hinders the use of this
important parameter in the assessment of the alesigth.

» Theway of the release and the strand diameter

Only for beams 3 to 6 the strands are released smdalen way. Therefore, a clear
conclusion regarding the way of release cannot bdenThe same can be concluded
regarding the strand diameter because nearly ralhds are seven wire strands of 2.
This will be a subject for further research.

CONCLUSIONS

The study starts with an FEM of the end zone ofretgmsioned girder. The preliminary
conclusion is that the transfer length has a maftuence on the stresses in the concrete and
in the reinforcement. For that reason, a paramstrdy is conducted, in which different
formulations for calculating the transfer lengtbumd in literature, are compared. The study
demonstrates that the concrete strength classintieeof release, the strand diameter, and the
way of prestressing may be determining factorgHertransfer length, but in general a large
scatter of the results is observed. Based on tieigynanimous conclusion can be found on
how to calculate the transfer length as an inputfifote element analysis of an end zone.
Therefore, experimental research was carried ousemeral girders produced in a prefab
concrete plant. The results of the strain measunérender a clear influence of the concrete
strength, a possible influence of the location loé measurement points, and a certain
influence of the concrete strength at early ageciwhs difficult to quantify. The way of
releasing the strands seems to have no effect erransfer length. Further research will
consist of extra measurements at different levietbealateral faces of the beams. From these
data and the knowledge of the concrete strengtimeatime of release, the FEM will be



optimized. Such an analysis of the transfer lepgtivides a good reference frame for further
research of the end zone of a prestressed girder.
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