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Abstract

The objective of the current study is to investigate and evaluate the flexural behav-

ior of the continuity connection of precast prestressed concrete beams in negative

bending when the tendons are located at the compression side. The experimental

program included four T-shaped composite cantilever beams which were loaded

up to failure. The main variable of the tests was the amount of prestress force of

the connected precast beams. The reinforcement ratio of continuity connection

was high. The ultimate flexural capacities and moment-curvature relations were

calculated theoretically. A comparison was then carried out between both the

experimental and theoretical results. These experiments revealed that prestress

force did not influence the ultimate hogging moment capacity of the continuity

connection, but it had an effect on its soffit's compression cracking and spalling of

the concrete cover before failure. This study also indicated that confinement of

the concrete had a massive influence on the connection's behavior, and it

increased both its negative moment capacity and ductility.
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1 | INTRODUCTION

In high-density urban areas, car parks are frequently built
beneath the streets, squares and parks. The deck structures
of these underground car parks are usually heavily loaded.
The loads of the communal deck at ground level consist of
many factors, including thick soil layers and traffic loads.
Because of this, these deck structures are typically demand-
ing to design and expensive to construct. Precast concrete is

a common structural system for normal parking structures.
Often single-span, simply supported precast prestressed
beams, are however insufficient to carry these heavy deck
loads. There is a need to determine ways to improve the
application of precast prestressed concrete girders, so that it
would be possible to utilize them better in heavy loaded
parking deck structures.

In many parts of the world it is typical in bridge con-
struction to increase the capacity of simple span pres-
tressed precast girders by continuity. Simple-span
girders are made continuous with a cast-in-place (CIP)
deck slabs and connection called diaphragm over the
supports. The girders act as simple spans for their own
weight load before the connection. After continuity is
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achieved, the composite section of the prestressed beam
and CIP deck slab carry the superimposed dead and live
loads as a continuous structure. A continuous compos-
ite girder offers a great number of advantages over a
series of simple spans. In a continuous beam, mid-span
bending moments and deflections are reduced. At ULS,
over-load will lead to a moment redistribution and fail-
ure will occur only when the moment capacity at two or
more sections has been exceeded. Consequently, higher
robustness can be achieved.1,2

A negative moment connection is usually made through
a composite CIP reinforced deck. Prestressed beams soffit is
conventionally compressed 0.4–0.6 fc at release. When the
effects of the negative bending moment of intermediate sup-
ports are added, the bottom flange of multi-span girders is
considerably compressed near piers. The situation facilitates
high concrete strains in the bottom flange which leads to
prestress losses and the fact that prestress force is not fully
effective at the girder end. Previous research has established
that the compressive stress at the bottom of a simple-span
beam made continuous does not come critical if the per-
centage of decks continuity reinforcement and maximum
precompression stress of the girders are low enough. It is
commonly suggested that these requirements are met in
most composite bridge decks and, as a consequence of that,
the prestress force of precast girders may typically be
neglected in the negative moment computation of ultimate
strength.1–4 However, less attention has been paid to the
behavior of structures (like parking deck structures) which
cannot satisfy the conditions described above. How does the
high compression in the beams soffit effect the continuity
connections negative moment capacity and ductility of the
failure?

At Tampere University, a research project founded
by the Finnish Concrete Industry studied the potentials
of simple-span precast, prestressed concrete girders
made continuous in parking deck structures with
heavy loads. The majority of the earlier research stud-
ies the problem from the standpoint of bridge girders
made continuous, where the self-weight of beams is a
foremost part of the loads, the negative moment over
piers are often lesser and no high permanent soil loads
exist. There are only a few studies which introduce
experimental results on negative bending tests on pre-
cast prestressed beams made continuous. The dimen-
sions, reinforcing and cross-section shapes of these
tested specimens have been standard bridge girders
that differ from building structures. Recent experimen-
tal data about the subject has not been published.1,2,5

The objective of this study is to investigate experimen-
tally and analytically the negative moment capacity and
ductility of continuity connections of structures, which
are applicable to building structures.

2 | TEST PROGRAM

Negative flexural bending tests were conducted up to failure
on four T-shaped cantilever girders. The tested girders con-
sisted of two 3 m long rectangular (B � H = 280 �
480 mm2) precast girders connected by a diaphragm and a
deck slab. The degree of prestress of the girders varied and
the continuity connections slab parts ratio of reinforcement
was chosen to be high. The specimens chosen for this test
represent approximately a half scale model of a full scale
heavily loaded parking deck structure.

2.1 | Details of precast test beams

Eight precast girders were produced in a prefabrication fac-
tory. Two of the test beams were reinforced with ordinary
bars and the rest were pretensioned. The prestressed girders
contained four (JK4), eight (JK8), or twelve (JK12) bottom
strands and all of them had two top strands. The test girders
(JK0) were reinforced longitudinally by ordinary bars
(2#16), without any prestress force.

The shear reinforcement of each prestressed girder
consists of bundled spiral stirrups (H2 #8mm). The spac-
ing of the stirrups was thicker at the beam ends. Non-
prestressed beams had closed stirrups and constant spac-
ing. The composite action between precast girders and
the cast-in-place deck slab was secured with U-shaped
stirrups (H1, #10, c/c = 50 mm) and rough contact sur-
face of the beams was in accordance with EN 1992-1-1
6.2.5. Information concerning the precast beams is given
in Table 1 and a detailed reinforcement picture of speci-
men JK12 is shown in Figure 1. The shear reinforcement
of the composite test girders was chosen so that shear
failure during testing could be avoided.6

2.2 | Details of connected test beams

After manufacturing, the beams were transported to
the laboratory of Tampere University to be connected.
At precast girder age of 112 days, four girders, each
made up of two separate precast girders, were con-
nected by a 650 mm wide diaphragm and a 1500 mm
wide and 120 mm thick deck slab. At this stage, the
negative flexural strength of the continuity connection
was achieved with 36pcs 16 mm and 4pcs 12 mm diam-
eter longitudinal bars. The deck also had a transverse
reinforcement (16 mm diameter at 100 mm spacing) to
secure the shear strength between the web and flanges
of the T-section. The diaphragm and the deck were cas-
ted with a concrete mix which was a lower strength
class than the one used for the girders. The ends of
girders were embedded 200 mm into the diaphragm
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and four bottom strands were bent into the diaphragm
to illustrate a positive moment connection which is
commonly used in the continuity connections of pre-
cast girders.7 The diaphragm had a transverse rein-
forcement according to Figures 2, 3, and 4. A 150 mm
high column was added under the diaphragm. Bottom
strands were bent into the diaphragm by device which
can be seen in the left-hand side of the Figure 4. The
dimensions and reinforcement details of test girders
are shown in Figure 2, Tables 1 and 2.

2.3 | Material properties

The prestressing steel was seven-wire strand and the
effective prestress was 1350 MPa. Wires used in strand
were intended. The material properties of the prestressing
steel and ordinary reinforcing bars used are presented in
Table 3.

The cylinder strength of the concrete used for pre-
cast girders was about 70 MPa. The original plan was
to use strength class C50/60, but mass prepared in

TABLE 1 Main characteristics of precast test beams

Girder Quantity Identifiers

Prestressed steel in precast girders:
Strand quantity per row and row distance
from the soffit of the cross section

Row
1: 45 mm

Row
2: 58 mm

Row
3: 106 mm

Row
4: 435 mm Total

Precast girders H2 stirrups
(#8, 2-bar bundles)

JK0 2 pcs JK0-3, JK0-4 0 (2#16) 0 0 0 0 80 pcs c/c = 75 mm

JK4 2 pcs JK4-5, JK4-11 4 0 0 2 4 + 2 108 pcs c/c = 52 mm, 75 mm

JK8 2 pcs JK8-9, JK8-15 4 4 0 2 8 + 2 108 pcs c/c = 52 mm, 75 mm

JK12 2 pcs JK12-12, JK12-14 4 4 4 2 12 + 2 108 pcs c/c = 52 mm, 75 mm

FIGURE 1 Reinforcement

drawing of test beam JK12
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the factory increased its strength surprisingly high.
Because of that, the deck and diaphragm concrete
class was raised from the original plan to cylinder
strength 55 MPa. Vibrators were used to densify the
concrete. Moist curing under plastic foil took place
for the prestressed beams for about 30 h and for the
deck and the diaphragm about 7 days. The concrete
cylinder strengths are presented in Table 2, based on
loading tests of 9–15 pcs field cured cylinders
(d = 150 mm, h = 300 mm) per batch.

2.4 | Instrumentation

Test specimens were measured in two phases, at the pre-
cast concrete manufacturing plant at the release of
prestress and during a load test at the laboratory. Four
different methods of measurement were used.

Concrete and reinforcement strains in the test speci-
mens were measured with electrical and mechanical sur-
face attached strain gauges. The electrical gauges were
attached to the reinforcement bars. This measuring

FIGURE 2 Test setup and instrumentation used
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instrument is called a strain gauge bar (SGB) in Figure 2.
Uniaxial strain gauges for concrete and mechanical strain
gauges (SGC and MSG) were connected on a concrete
girder soffit to measure its strains. The strand slip at
release of prestress and deformations of the cantilever
test beam were measured with displacement gauges. The
deformation data of electrical gauges were saved 10 times
per second. The locations of such sensors are shown in
Figure 2.

2.5 | Test setup

2.5.1 | Tests in precast concrete
manufacturing plant

The main purpose of the tests made in the precast
manufacturing plant was to determine the transfer length
of the specimens, which was supposed to have an influ-
ence on the negative bending capacity of the later tested
specimens. The data that was to be collected included
concrete strains and end slips. Of these measurements,
concrete strains turned out to be more accurate. End slip
measurements had a large scatter and, because of this,
their overall value was limited.

The transfer length on the prestressing strand was
measured from five specimens. The results of these tests
are presented in Section 3.1. Pre-tension in the beams
was released about 30 h after casting, when the cube
strength of the concrete was, according to material test-
ing, about 43.6 MPa. Pre-tension force was released grad-
ually and lasted about 15 min.

Two types of strain gauges were used to detect the con-
crete strains at beam end before and after prestress force
transfer. Electrical SGBs used in these measurements con-
tained three measuring points (located at 117, 612, and
1107 mm from beam end) presented in Figure 5. Mechani-
cal strain gauges were also attached on the outside face of
the test beam to the same location as the measuring points
of the SGBs, to supply additional transfer length data.
Mechanical strain gages were read few minutes before pre-
stress force launching and immediately after. At the same
time, readings were made once every second with
electronical strain gauges. The transfer length could then be
estimated by examination of the concrete strain profile.

2.5.2 | Tests in laboratory

During the laboratory's experimental phase, girders were
tested in negative bending over a central support. Load-
ing points are presented in Figure 2. The support was
directly under the diaphragm, simulating the intermedi-
ate support of a continuous girder.

The loads were applied by four displacement controlled
500 kN hydraulic jacks. Two jacks were used at both beam
tips, in which case the maximum load was 1000 kN per
cantilever. The load was transmitted to the test girder by a
separated load shearing beam. Load cells were placed above
the load shearing beams to measure the load. The distance
between the loads and central support was 2.8 m.

The used loading rate was 50 kN/min and the load steps
of 100 kN were used. In every load step visible cracks were
highlighted with marker pen. When the load level reached

FIGURE 3 3D-model of diaphragm reinforcement28

FIGURE 4 Diaphragm during reinforcement work, bent

bottom strands and strand bending device
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an analytical capacity, researchers only visually observed
the test beams from a distance at loading steps and a crack
pattern was highlighted after failure. The instrumentation
of the load test is presented in Figure 6.

3 | EXPERIMENTAL RESULTS
AND DISCUSSION

3.1 | Transmission length

Girder ends strains were measured in the manufacturing
plant to gain information on the transmission lengths of
test girders. Section 2.5.1 contains the procedures and
methods of measuring the strains.

The electrical SGBs and gauge-point measurements
yielded congruent results. The measurements were made
at three points for every tested beam. According this data,
an appropriate estimation of the transmission length of
test beams could be made.

The concrete strain profiles obtained are the profiles
of the change in concrete strains immediately after the
prestress force transfer. Strain profile was drawn through
separate measurement locations. All strain profile plots
are illustrated in Figure 7. From the plots it can be seen
that the strain curve becomes horizontal after the second
measurement point (612 mm). Transmission lengths
were defined in this study, based on an assumption that
the concrete strain grows linearly at transmission length
and the transfer of prestress starts immediately from the
beam end. Then two lines could be drawn and the point
where they intersected was defined as the transmission

TABLE 2 Main characteristics of connected girders (tests 5, 6, 7, and 8)

Test no.
Connected precast
prestressed girders

Deck slabs
ρl (%)

Girder age at
loading (days)

Slab/diaphragm
age at
loading (days)

Concrete strength fcm (MPa)

Girder Deck slab

5 JK0-3, JK0-4 5.1 135 23 72.1 54.9

6 JK4-11, JK4-5 5.1 139 27 72.2 55.9

7 JK8-15, JK8-9 5.1 142 30 72.2 56.6

8 JK12-14, JK12-12 5.1 146 34 72.2 57.4

TABLE 3 Reinforcement material properties

Type of
reinforcement

Modulus of
elasticity
Es (GPa)

Yield strength
fy or fp0.1k (MPa)

Area
(mm2)

Tensile strength/
upper yield
strength Rm/ReH

Elongation at
maximum
force Agt (%)

B500B T16 200 547 201 1.167 12.5

Y1860S7–12.5 192 1813 93.2 1.065 6.0

FIGURE 5 Instrumentation of beam JK12 at concrete

manufacturing plant

FIGURE 6 Test setup and instrumentation of test 8 at the

laboratory
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length. The mean transfer length and range were in this
study 433 mm and 283–658 mm.

According to EN 1992-1-1, the transmission length of
the test beam strands is 751 mm. Experimental test
results are in agreement with prior studies, which claim
that pretensioned specimens with narrow spaced stirrups,
large cross-sections and multiple strands have shorter
transfer lengths than minor “transfer length prisms”.8,9

3.2 | Results of negative moment testing

Before the beginning of the load tests, beams were visu-
ally observed. Thin cracks at the slab part of the test spec-
imens, most likely caused by slabs shrinkage/differential
shrinkage between the slab and precast beam, were
detected already prior to the loading. During loading
cross sections, top part flexural cracking increased, and
the non-prestressed slab was clearly visually cracked
through its whole height already at a load level of 25% of
the failure load. According to SGB measurements, deck
parts first reinforcement yielded at load level of 66%–69%
of the failure load.

At a load level of 67%–89% of the failure load, the first
visual cracks were detected at the compressed bottom of
test beams about 500 mm away from the centerline
of supports. These cracks increased by length strongly,
while loading proceeded towards the maximum. Prior to
the failure, the concrete cover of cross sections spalled of
from the bottom and/or side of each of the test speci-
mens. Although this spalling happened clearly before the
ultimate failure in all tests, based on visual observations
confined concrete core and reinforcement inside stirrups
remained stable up to the reach of structures ultimate
capacity. Closely spaced stirrups prevented premature
buckling of the compression reinforcement. From the

visual observations of the point of fracture a conclusion
could be reached that bottom strands and reinforcement
had buckled during the failure and stirrups were clearly
rounded. Figure 8. shows typical failures experienced by
the test beams. The visibly observed point of fracture
located in all tests approximately at the same distance
from the beam end where the measured transfer zone of
the bottom strands, presented in previous section, ended.

It was found in all tests that the diaphragm concrete
transferring compression between two precast girders
remained undamaged, so that failure always took place
outside the diaphragm. In no case did the precast girders
pull out of the diaphragm. Horizontal shear strength
between the beam and the flanges and at an interface
between concrete cast at separate times was also distin-
guished to be sufficient, as no visible cracking along the
contact surface took place between the slab and
beam part.

The observed failure mode of the test beams was flex-
ural failure. All girders were clearly controlled by ten-
sion, extensive yielding of the slab steel took place before
crushing of the concrete, regardless of the prestress
effects or the fact that a cross-section was strongly over-
reinforced. A cantilever beam developed considerable
vertical deflections prior to the failure.

Table 4 shows the following results for the test
beams:

1. Visibly observed point of fractures horizontal coordi-
nate (measured from supports centerline) xfrac1 (mm).

2. Visibly observed point of fractures horizontal coordi-
nate (measured from precast beams end) xfrac2 (mm).

3. Maximum tested negative moment at the point of
fracture Mtest (kNm).

4. Tested negative moment at onset of visible spalling
cracking of beams soffits at the point of fracture
Mspalling (kNm).

5. Tested negative moment at onset of first yielding of
top reinforcement at the point SGB10 My (kNm).

6. Vertical deflection at the cantilever tip at failure
(mean value of test beams two tips) Δ (mm).

3.3 | Methods to calculate negative
moment capacity

3.3.1 | PCA-method

Portland Cement Association Research and Development
laboratories implemented the first major studies per-
formed to address the issues of prestress girders with
cast-in-place deck made continuous at the beginning of
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1960. During the first part of the extensive research pro-
gram, they presented the methods to determine the ulti-
mate negative flexural strength of a composite continuity
connection between precast girders, including prestress
effects. The presented methods to determine the ultimate
negative moment resistance of the cross-sections were
based on the following basic assumptions

1. Plane sections remain plain.
2. Strain change in bonded reinforcement and bonded pre-

stressing tendons, whether in tension or in compression,
is the same as that in the surrounding concrete.

3. The initial strain in prestressing tendons is taken into
account when assessing the stresses in the tendons
(long term losses are neglected).

4. Elastic strains of cross section concrete due to a pre-
stressing force are taken into account.2

The stress and strain distribution of composite
cross sections is presented in Figure 9. Stress f p in
each layer of prestressed reinforcement at the ultimate
moment can be calculated by the linearity of strains.

f p ¼ f p0� εcu2� εceð ÞEp
yp
x

ð1Þ

where yp strand distance from neutral axis (positive
below neutral axis). εce is the concrete strain due to initial
prestress at the soffit of the cross section.

Internal equilibrium of the cross section then gives:

FIGURE 8 Point of fracture

after test

TABLE 4 Relevant test results from test beams

Test number xfrac1/xfrac2 (mm) Mtest (kNm) Mspalling (kNm) My(xSGB10) (kNm) Δ (mm)

5 453/328 1820 1627 1316 121

6 468/343 1822 1519 1377 110

7 419/294 1870 1393 1280 99

8 449/324 1911 1286 1454 160

8 KYTÖLÄ ET AL.



T¼Asf s ¼C�
X

Apf p ð2Þ

where Ap is the area of prestressed steel in each layer.
Ultimate moment capacity can then be calculated with
Equation (3)

MRd ¼Cz�
X

Apf pxp ð3Þ

Kaar, Kriz, and Hognestad established that, according
to this analytical model, prestress force reduces the avail-
able internal compression force C, apart from a few
exceptions. In other words, the more prestress force there
is in the soffit of the precast beam, the less negative
moment capacity it has. The concrete material model
used in PCA studies was for unconfined concrete.2 The
presented method does not consider the possible change
in transfer length of the bottom strands due to compres-
sion strains of the girder soffit.

The experimental results presented in previous sec-
tions Table 4 differs from the PCA methods conclusion,
while the moment capacity of the test specimens
increased the more the precast beams were prestressed.
Because of that, in this study various material models
were implemented to the PCA-method trying to estimate
more accurately the function of test beams at the ULS.
The next section concerns a variety of material models
that were utilized in this study.

3.3.2 | Confined concrete

Hardened concrete consists mainly of aggregate particles,
a bond of cement paste holds the particles together. At a
certain load level, the maximum capacity of the bond is
reached and microcracks occur at the interface between
the aggregate particles and cement paste. If there is con-
finement that adds to the effect of the bond and concrete
ductility, the strength can be approved.10

Concrete may be confined by transverse reinforce-
ment. At low levels of stress in the concrete, the trans-
verse reinforcement is hardly stressed, hence, in this
case, confinement reinforcement has no effect on con-
crete behavior. Transverse reinforcement becomes active
when concrete stresses approach its uniaxial strength.
Transverse strains become high because of internal
cracking and the concrete bears out against the trans-
verse reinforcement, which applies a confining reaction
to the concrete. Tests by many investigators have shown
that confinement by transverse reinforcement can con-
siderably improve the stress–strain characteristics of
concrete at high strains. Test results indicate that the
effect of transverse steel on concrete ductility is notice-
able, it also has an effect on the strength, but such an
effect is minor.11–14

The confining pressure σ2 from rectangular shaped
transverse reinforcement can be calculated for a tested
cross-section, according to Equation (4), which is used to
determine σ2 for every confinement model discussed in
this article.15–17

σ2 ¼ ρcf yα ð4Þ

α¼ 1� sc
2ac

� �
1� sc

2bc

� �
1�
P

b2i =6
acbc

� �
ð5Þ

ρc ¼min ωy ¼ Asy

acsc
,ωz ¼ Asz

bcsc

� �
ð6Þ

where Asy , Asz is a cross-sectional area of confinement
reinforcement parallel to the direction y,z. f y, yield
strength of confinement reinforcement. ac , bc , bi , sc (See
Figure 10)

FIGURE 9 Stress and strain distribution used for flexural

strength calculations

FIGURE 10 Confined and unconfined parts over the cross-

section and along member with rectangular section

KYTÖLÄ ET AL. 9



For the tested cross-sections, two different lateral
supports were offered. For the prestressed concrete
cross-sections, the stirrup ratio was higher than for the
non-prestressed test samples. The confining pressure
σ2 for test beams is presented in Table 5.

Concrete cover outside the transverse steel is uncon-
fined and it has stress–strain characteristics separate from
core concrete. The cover concrete generally spalls when
the unconfined strength is reached. This is partly also
caused by the fact that heavy transverse reinforcement
creates a plane of weakness that tends to precipitate
spalling of the cover. Before the outermost fibers of the
cross section reach the unconfined crushing strain
the moment resistance of the full unspalled section is cal-
culated neglecting any effects of confinement. After the
spalling of unconfined concrete cover, the full section is
replaced in the calculations by the dimensions of con-
fined core (see Figure 10) and confined material proper-
ties are used.12,15

3.3.3 | Concrete stress–strain relation
alternatives

Analytical calculations of ultimate flexural strength for
the composite section subjected to a negative bending
moment was made with several concrete material models
and the results were compared with test results. The cal-
culations were made with and without consideration of
the effects of the confinement.

The unconfined material model used in the study was
the parabola-rectangle stress–strain relation, according
EN 1992-1-1 part 3.1.7. The model in question was cho-
sen because confined material models found from litera-
ture can be compared best to this model in particular.

Over the past decades, several investigators have pro-
posed stress–strain relationships for confined concrete. A
few of them (eminent from a European point of view) are
discussed in this article. Confinement is generally consid-
ered at the evaluation of the seismic performance of
structures and it is also presented extensively in EN 1998.
This article focuses on building structures, so the con-
fined stress–strain relation of concrete introduced in ref-
erences17,18 is presented here.

f cc_EN1998:3 ¼ f c 1þ3:7
σ2
f c

� �0:86
 !

ð7Þ

εcc_EN1998:3 ¼ εc2 1þ5
f cc_EN1998:3

f c
�1

� �� �
ð8Þ

εcu_EN1998:3 ¼ 0:004þ0:5
σ2

f cc_EN1998:3
ð9Þ

where εc2 is a compressive strain in the unconfined con-
crete at peak stress according EN 1992-1-1 part 3.1.7.

The confinement model presented in Model
Code 2010 of CEB/FIB offers increased strength and
the corresponding strains according to Equa-
tions (10)–(12).16

f cc_MC2010 ¼ f c 1þ3:5
σ2
f c

� �3
4

 !
ð10Þ

εcc_MC2010 ¼ εc2 1þ5
f cc_MC2010

f c
�1

� �� �
ð11Þ

εcu_MC2010 ¼ εcu2þ0:2
σ2

f cc_MC2010
ð12Þ

where εc2 is a compressive strain in the unconfined con-
crete at peak stress, according to EN 1992-1-1 part 3.1.7.
εcu2 is the ultimate compressive strain in the unconfined
concrete EN 1992-1-1 part 3.1.7.

The current EN 1992-1-1 handles confinement shortly
in part 3.1.9. It provides formulas for material models,
although it does not offer instructions on how to define
effective lateral compressive stress σ2 from transverse
reinforcement. The confined concrete stress–strain model
presented in EN 1992-1-1 is similar in style to the one
presented in Model Code 1990 of CEB/FIB.6,19

f cc_EN1992 ¼
f c 1þ5

σ2
f c

� �� �
forσ2 ≤ 0:05f c

f c 1:125þ2:5
σ2
f c

� �� �
forσ2 > 0:05f c

8>>><
>>>:

ð13Þ

TABLE 5 Transverse reinforcements confining pressure σ2 in test samples

Test number Stirrup shape ρc (‰) Rebar class sc (mm) ac (mm) bc (mm) 1�
P

b2i =6
acbc

σ2 (MPa)

5 Closed-loop 6.41 B500B 75 234 418 0.44 1.09

6, 7, 8 Spiral 9.25 B500B 52 234 418 0.43 1.66
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εcc_EN1992 ¼ εc2
f cc_EN1992

fc

� �2

ð14Þ

εcu ¼ εcu2þ0:2
σ2
fc

ð15Þ

where εc2 is a compressive strain in the unconfined con-
crete at peak stress, according to EN 1992-1-1 part 3.1.7.
εcu2 is the ultimate compressive strain in the unconfined
concrete EN 1992-1-1 part 3.1.7.

The second generation of Eurocodes is currently
under development and draft versions and background
documents of it have already being published. According
to the latest draft, confinement will be dealt with more
accurately and the material models will be changed
towards the MC2010 model. Most recent test results indi-
cate that the current model in EN 1992-1-1 seriously
underestimates confinement.20

Material models of MC2010 and EN 1992-1-1 are
related to the ultimate state and intended to define the
maximum resistance of structure. This is in contrast to
the EN 1998–3 material model which corresponds to the
fullest exploitation of the deformation capacity of the
structure. Figure 11 compares the four stress–strain
models of the tested concrete. The lateral compressive
strain used for the material models presented in
Figure 11 is in accordance with the Tests 6–8.

3.3.4 | Stress–strain relations for steels

Tested cross-sections contained two types of reinforce-
ments, according to Table 3. As flexural strength analyses
made in this article, an idealized stress–strain diagram,
with an inclined top branch, was used for both

prestressed and normal reinforcement steel. The stress–
strain curve for steel B500B was assumed to be identical
in tension and compression. Several sources have
suggested that it is a reasonable assumption.6,12 The
stress–strain relation at compression for prestressing steel
was defined according to Ref. 16. The stress–strain curves
used in this study are presented in Figure 12.

3.3.5 | Calculated negative moment
capacities

When the confined concrete properties are exploited in
terms of calculations, the spalling of the cover of concrete
has to be taken into account. In the calculations made in
this study, the confined cores dimensions of concrete are
presented in Table 6. Concrete cover spalled from each
test beam, so the confined core could be measured. The
width used in the calculations was the total width minus
the spalled of cover and stirrup diameter.

Table 7 shows the following results for the analytical
calculations made with different concrete material
models presented in Section 3.3.3 of the test beams:

1. Negative flexural moment capacity Mcalc.
2. Deck steel strain at failure εs.
3. Bottom row strand strain at failure εp.

3.4 | Comparison of tested and
calculated negative moment capacities

A bar chart in Figure 13 presents the calculated ultimate
moments of specimens and the comparison with experi-
mental values. Black lines are also added to bars of experi-
mental results to indicate the moment visible compression
cracking of the beam soffit could be observed.

FIGURE 11 σ-ε behavior of unconfined and confined

concrete, according to different material models used in this article

FIGURE 12 Idealized σ-ε relation of steel bars B500B and

prestressed strands Y1860S7, based on measurements
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The bar chart shows considerable differences between
calculated unconfined capacities and experimental results.
According to the eurocodes unconfined material model,
negative moment capacity tends to decrease, while prestress
in the precast concrete beams increases, whereas experi-
mental results show no such dependency. In contrast,
experimental results indicate that an addition of prestress
causes a slight increase in the ultimate capacity. Calculated
values, according to confined material models, show a bet-
ter correlation between analytical and tested ultimate
capacities. From the chart, it can also be seen that the
moment, at the time that visible cracking in precast beams
compressed soffit could be observed, is comparable to ana-
lytical capacities defined by an unconfined material model.

SGB (SGB4–SGB6, SGB10–SGB12) and vertical deflec-
tion (DG1–DG5) measurement results provide detailed
data regarding a beam's behavior and strain distribution

at a critical section during loading. The moment curva-
ture relation of a test beam can be analyzed with the help
of this measured data. The next sections compare the
measured and calculated moment curvature relations of
test beams.

3.5 | Curvature distribution along a
beam at ULS

With verification of the plain section assumption, the curva-
ture φ of a small element of length can be defined
according to the concrete strain in the extreme fiber Ɛc,
tension steel strain Ɛs and effective height d. The curva-
ture is then

φ¼ εcþ εs
d

ð16Þ

TABLE 6 Spalled concrete cover measurements taken from the test beams

Test number

Spalling of the cover of concrete (mm)

Width of confined core (mm)Side Bottom

5 19 25 234

6–8 19 18 234

TABLE 7 Relevant analytical calculation results from test beams

Test
number

Deck slabs
ρl (%)

Prestressed
steel in
precast girders

Girder
concrete
strength
fcm (MPa)

Mcalc (kNm)
Deck steel strain εs (‰)
Bottom row strand strain εp (‰)
Concrete strain at cross section soffit εc (‰)

Used concrete material model

EN 1992-1-1 (unconf) EN 1992-1-1 (conf) EN 1998–3 MC 2010

5 5.1 0 72.1 Mcalc = 1671 Mcalc = 1814 Mcalc = 1833 Mcalc = 1808

εs= 2.4 εs= 4.7 εs= 10.1 εs= 4.0

εc= �2.6 εc= �5.6 εc= �10.8 εc= �5.6

6 5.1 4 + 2 72.2 Mcalc = 1532 Mcalc = 1916 Mcalc = 2010 Mcalc = 1921

εs= 2.1 εs= 6.1 εs= 16.0 εs= 5.5

εp= 5.0 εp= 0.7 εp= �5.2 εp= 0.7

εc= �2.6 εc= �7.2 εc= �14.0 εc= �7.2

7 5.1 8 + 2 72.2 Mcalc = 1348 Mcalc = 1880 Mcalc = 2054 Mcalc = 1895

εs= 1.9 εs= 5.8 εs= 17.8 εs= 5.0

εp= 5.3 εp= 1.0 εp= �4.9 εp= 0.6

εc= �2.6 εc= �7.2 εc= �14.0 εc= �7.2

8 5.1 12 + 2 72.2 Mcalc = 1198 Mcalc = 1857 Mcalc = 2060 Mcalc = 1870

εs= 1.7 εs= 5.5 εs= 18.9 εs= 4.8

εp= 5.5 εp= 1.1 εp= �4.6 εp= 1.1

εc= �2.6 εc= �7.2 εc= �14.0 εc= �7.2
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The curvature varies along the length of the member.
Figure 14 shows the test member's theoretical ultimate
rotation, deflection, curvature and bending moment
distribution at failure. For moment values less than the
yield moment My, the curvature increases linearly from
the free end of the cantilever to the support. Inelastic
curvature region is the area where either yielding of
the reinforcement, or crushing of concrete, or both
takes place, the plastic hinge length is the zone where
the plastic curvature is assumed to be constant. This
means that the real distribution of plastic curvatures,
which is nearly triangular, is replaced by an idealized
uniform plastic curvature over a shorter “plastic hinge
length Lpl”. The curvature fluctuates along the member
because of increased stiffness of the member between
the cracks. The curvature distribution at the ultimate
limit state can be idealized into elastic and plastic
regions (see Figure 14(d)).21

The Rotation θ between the cantilever beams end and
support can be defined from curvature distribution along
the member length. This is given by:

θ¼
ðL
0
φdx ð17Þ

Vertical deflection Δ of the cantilever beams tip is then:

Δ¼
ðL
0
φx dx ð18Þ

3.5.1 | Curvature diagram according to
measured strain data

Curvatures of the test beams can be defined at mea-
suring points SGB4 + SGB10, SGB5 + SGB11 and

SGB6 + SGB12, where the strains are measured from
the top and bottom part of the cross section. At the
testing stage, the SGBs failed, probably due to large
strains, at the load level of 75%–88% of failure load.
Because of this, the curvature diagrams can be drawn
only to that load level. At tests 5 and 6, one of the mea-
suring points SGB6 or SGB12 was damaged during
casting and, as a result, curvatures could not be calcu-
lated at that point at all. Curvature diagrams at differ-
ent load levels, according to measured strain data, are
presented in Figure 15(a-d).

From the tested curvature diagrams, it can be seen
that at higher load levels the plastic area of the beam
tends to increase. The maximum curvatures measured
are about 0.03–0.05 1/m. It also seems that the more pre-
stress force there is in the test beam, the earlier plastic
hinge starts deform and it is longer. The length of the
plastic area is less than 1.2 m in all tests.

3.5.2 | Length of plastic hinge

The length of the plastic hinge is challenging to define
due to high strain localization, interaction and relative
movement between constituent materials and non-
linearity of materials. Numerous techniques and models
are available in literature to estimate the plastic hinge
length of RC members.17,22–26 From these models, it can
be seen that the shear span, section depth, yield strength
of concrete and steel and the diameter of reinforcement
are the major variables.27

Various empirical equations and calculated plastic
hinge lengths of the test beams are given in Table 8.
Together, these references indicate that the length of
the plastic hinge of test beams, according to expres-
sions found from literature, varies between 319 and
823 mm.

FIGURE 13 Comparison of

calculated and tested ultimate

negative moment capacities. 1) black

line indicates the moment that a

visible spalling cracking of the beam

soffit could be observed
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According to Figure 15(a-d) and Table 8 data, there is
evidence to estimate an equivalent plastic hinge length of
400–800 mm in this study.

3.5.3 | Curvature at failure calculated from
vertical deflection

The deflection of a member can be calculated by integrat-
ing the curvature along the member, as presented in

formula (18). Such an approach does not accurately take
into consideration the effect of the tension stiffening, as
well as the additional deformations caused by shear and
by bond slip of the reinforcement. It is still frequently
possible to obtain a reasonable agreement between com-
puted and experimental displacements directly from the
bending moment distribution and the moment-curvature
relation.12

Curvature of the test beams cannot be defined at a
final stage with the help of SGB measurements. Because

FIGURE 14 Curvature

distribution along the beam at the

ultimate moment (a) beam;

(b) Rotation and deflection;

(c) Moment; (d) Curvature diagram
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of that, the curvature at failure is calculated based on ver-
tical deflection measurements.

Deflection at the tip of cantilever beam can be calcu-
lated with the help of Equation (18) and idealized curva-
ture distribution. The integral can be solved, for example,
with the help of Mohr's virtual work product integration
table. The vertical deflection at the tip of the cantilever
beam is then:

Δ¼φyl
2

3
þ φu�φy

� �
lpl l� lpl

2

� �
ð19Þ

Then the maximum curvature φu can be written as:

φu ¼
Δ� φyl

2

3

lpl l� lpl
2

� 	þφy ð20Þ

When we can estimate the length of the plastic hinge and
we know the maximum vertical deflection at the tip of
cantilever beam and elastic stiffness of the cross-section,
the maximum curvature reached at the load testing can
be calculated. Inclined flexural-shear cracking increase
the area in which the reinforcement is yielding (the plas-
tic hinge zone). Thus this formulation deals indirectly
also effects of shear through Lpl, which is not a physical
but a conventional quantity.15,26

The calculated maximum curvature values for
assumption that the length of plastic hinge is 600 mm are

presented in Table 9. The elastic stiffness of the test beam
is defined according to SGB measurements SGB10–
SGB12 and SGB4–SGB6 made during testings elastic
phase. The elastic stiffness and elastic part of the curva-
ture of the test beams are also presented in Table 9.

3.6 | Moment-curvature relationship

One of the salient features of the flexural behavior is the
moment-curvature relationship. It accurately determines
the load-deformation behavior of a concrete section.
Tested and calculated moment-curvature curves of test
beams are illustrated and discussed in the next sections,
Sections 3.6.1 and 3.6.2.

3.6.1 | M-C according test results

The strains at the critical three sections of each test
beam were measured with SGBs, as the bending
moment was increased to failure, the curvature could
then be calculated from Equation (16).12 At a load level
of 75%–88% of failure load, SGBs failed in all tests.
After that the moment- curvature relation had to be
estimated with the help of displacement measurements
at failure, plastic hinge length approximation and
Equation (20). Figure 16(a-d) presents experimental
moment-curvature relations of the tests 5 to 8. It is
apparent from these curves that all of the tested beams

FIGURE 15 (a-d) Test specimens curvature distribution along a beam during testing at different load levels
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had a clear yielding phase and none of the beams had a
brittle failure.

3.6.2 | M-C according different material
models

Theoretical moment-curvatures for tested cross-sections
have been derived based on calculation methods pres-
ented in Section 3.3.1 and four different concrete stress–
strain relationships.

1. EN 1992-1-1 unconfined concrete.
2. EN 1992-1-1 confined concrete.
3. MC2010 confined concrete.
4. EN 1998–3 confined concrete.

Minute sensitive analysis was made regarding the impact
of the compression behavior of steel and, after that, suit-
able stress–strain relations of steel were selected and kept
the same during computations presented in this article.
Exact material assumptions are determined in Sec-
tion 3.3.3 and Section 3.3.4. Theoretical moment-
curvature relations are presented in Figure 17(a-d).

In reality when the outermost fibers reach the
crushing strain of unconfined concrete and the concrete
cover spalls, the moment resistance of the section drops.
This does not come out from the calculated confined
moment-curvature relations shown in Figure 17(a-d).
This is due that the confined material model calculations
presented here are made only for confined core.15

Tested cross-sections are heavily reinforced. What
stands out in the theoretical moment-curvature

TABLE 9 Elastic stiffness EI, elastic part of curvature φy, and ultimate curvature φu of test beams defined by experimental data

Test nr EI (MNm2) φy (1/m) φu (1/m) (Lpl = 600mm)

5 134 0.014 0.072

6 197 0.010 0.067

7 153 0.013 0.058

8 161 0.013 0.100

FIGURE 16 (a-d) Moment-curvature of the tested beams, according to experimental data
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relationships is that, if the used material model is uncon-
fined, the concrete crushes at a relatively insignificant
curvature prior to the steel yields, causing a sharp
decrease in the moment capacity. This differs from that
of all the confined curves which illustrate obvious ductile
behavior, regardless of the fact that the cross sections are
over-reinforced.12

For unconfined material model maximum theoretical
curvature remains under 0.01 in all tests, while in confined
models the ultimate curvature varies between 0.03 and 0.11.
The difference between the curves is considerable.

It can be seen from the Figure 17(a-d), that in con-
fined theoretical analyses cross sections bottom strands
act in the final stage as compressive reinforcement and
this increases its ductility significantly. At this point con-
crete cover has spalled of and bond of bottom strands is
damaged. It is not also certain how pretension strands act
under compression. Although calculated moment-
curvature relations are similar to experimental results
shown in Figure 16(a-d), end parts of calculated these
relations therefore need to be interpreted with caution.
The curves based on Eurocode 8: Design of structures for
earthquake resistance confined material model is the most
ductile.

4 | CONCLUSONS

The aim of the present research was to examine experi-
mentally the negative moment capacity of precast pres-
tressed beams continuity connections and compare test
results to the analytical models. This article set out to
evaluate what influence such a high reinforcement ratio
and precast beams prestress force has on connections
mode and ductility of flexural failure. The conclusions of
this study can be presented as follows:

1. The degree of prestressing force of the connected pres-
tressed girders did not have a significant effect on the
ultimate load of tested continuity connections.

2. The amount of prestress force did, however, effect
the structure's behavior on high-load levels. The
concrete cover of the strongly compressed soffit of
the beam began to spall at considerably lower load
levels compared to the failure load. The higher the
prestressing ratio that the connected precast beams
had, the less load was needed to cause visible crack-
ing at the bottom part of critical sections. The
moment, at the time that visible cracking in precast
beams compressed soffit could be observed, was

FIGURE 17 (a-d) Analytical moment-curvatures of the tested beams, according to different material models
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comparable to calculated capacities defined by
unconfined material model.

3. General yielding of the deck reinforcement steel
developed over the support of all test girders well prior
to ultimate strength was reached regardless of pre-
stress effects and the fact that the connection was
over-reinforced. The tested moment-curvature rela-
tionships indicate that the failure of the connection
was ductile. The distribution of moments would have
taken place in statically indeterminate girders with
the joint in question.

4. A critical section that reached ultimate strength first
was approximately the same location in which pre-
stress force reached its transfer length and became
fully effective. Failure always took place outside the
diaphragm.

5. From the spalling, crushing, and deformations of the
structure, it can be concluded that confinement had a
remarkable role on the behavior of tested connections
near failure. Tightly spaced stirrups created confinement
to the cross-section core after the concrete cover had
spalled off. At this stage cross section had considerably
capacity left. Calculated and tested moment-curvature
relations and moment capacities of the connection have
been compared. The results show that material models
operate as they are intended to. It has been found that
confined concrete material models, according to Model
Code 2010 and EN 1992-1-1, are the most accurate to
analyze the failure load of continuity connections while
the confined model, according to EN 1998–3, is the best
to predict the deformability of the structure near failure.

6. The results of this investigation indicate that in the
design of continuity connection, unconfined concrete
material model should be considered, and the effect of
prestress force cannot be neglected in negative
moment capacity calculations. After reaching ultimate
capacity, according to these assumptions, the struc-
ture has still considerable robustness left.

7. The half-scale sample size might have increased the
importance of confinement to the connection's failure
mode. More experimental research using larger cross-
sections would be useful to establish a greater degree
of accuracy on this matter.
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