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Abstract

This work is a further development of its predecessor, the topic of which
was verification of serviceability limit states of reinforced concrete hinges.
Herein, the same conceptual approach is used to derive analytical formulae,
supporting verification of ultimate limit states. These formulae limit tolera-
ble relative rotations as a function of the compressive normal force transmit-
ted across the neck. The mechanical model is based on the Bernoulli-Euler
hypothesis and on linear-elastic and ideally-plastic stress-strain relationships
for both concrete in compression and steel in tension. The usefulness of the
derived formulae and the corresponding dimensionless design diagrams is as-
sessed by means of experimental data from structural testing of reinforced
concrete hinges, taken from the literature. This way, it is shown that the
proposed mechanical model is suitable for describing ultimate limit states.
Corresponding design recommendations are elaborated and exemplarily ap-
plied to verification of ultimate limit states of the reinforced concrete hinges
of a recently built integral bridge. Since the reinforcement is explicitly ac-
counted for, the tolerable relative rotations are larger than those according to
existing guidelines. It is included that bending-induced tensile macrocrack-
ing beyond one half of the smallest cross-section of the neck is acceptable,
because the tensile forces carried by the reinforcement ensure the required
position stability of the hinges.
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1. Introduction

Concrete hinges are marginally reinforced necks in reinforced concrete
structures, see Fig. [l They are used, e.g., as supports in integral bridge
construction. Because of the throat, threedimensional compressive stress
states are activated in the region of the neck. The resulting confinement of the
concrete increases both its strength and ductility. Current design standards,
such as the Eurocode [1, 2 B, [4], require the verification of serviceability
and ultimate limit states prior to the construction of reinforced concrete
structures. This provided the motivation for the companion paper [5] and
the present contribution.
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Figure 1: Geometric dimensioning of a concrete hinge with reinforcement crossing at the
centerline of the neck; a. denotes the width of the compressed ligament [5]

Recommendations for the verification of serviceability limit states of rein-
forced concrete hinges were the focus of a previous paper [5]. The engineering
mechanics approach of Leonhardt and Reimann [6] was extended in order to
account explicitly for centrally crossing steel rebars. Linear-elastic material
behavior was assumed for concrete in compression and for steel in tension.
The tensile strength of concrete was set equal to zero. The steel rebars were
accounted for only if subjected to tension. The Bernoulli-Euler hypothesis
was used to derive analytical expressions for elastic limit states of reinforced
concrete hinges. They are assumed to occur if the maximum compressive
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normal stress of concrete reaches the triaxial compressive strength and /or if
the steel rebars start to yield. This approach allowed for assigning a maxi-
mum tolerable relative rotation to each value of the normal force transmitted
across the neck. Results were illustrated in the form of dimensionless dia-
grams. Comparing model-predicted elastic limits with results from structural
testing, it was shown that the modeling approach is useful for specification of
serviceability limit states of reinforced concrete hinges. Finally, recommen-
dations regarding verification of serviceability limit states were elaborated.
They were used for the a posteriori verification of the reinforced concrete
hinges of an integral bridge in Austria. Since the reinforcement was explic-
itly accounted for, the serviceability limits of relative rotations are larger
than those according to the guidelines of Leonhardt and Reimann [6].

Recommendations for verification of ultimate limit states of reinforced
concrete hinges are the focus of the present paper. The target is the deriva-
tion of analytical formulae, describing maximum tolerable relative rotations
as a function of the normal force transmitted across the neck. To this end,
linear-elastic and ideally-plastic material behavior is assumed for concrete
in compression and for steel in tension. The triaxial compressive strength
of concrete is estimated based on regulations regarding partially loaded ar-
eas [I]. The tensile strength of concrete is set equal to zero. The steel rebars
are accounted for only if subjected to tension.

The Bernoulli-Euler hypothesis is used to derive analytical expressions for
ultimate limit states of reinforced concrete hinges. These limits are assumed
to occur if the maximum compressive normal strain of concrete and/or if the
maximum tensile normal strain of the steel rebars reach the corresponding
ultimate limit strain. The analysis involves consideration of six different op-
erating conditions of reinforced concrete hinges. Notably, the ultimate limit
strain of concrete subjected to triaxial compression is still not fully under-
stood. This provides the motivation to perform sensitivity analyses with re-
spect to different confinement levels. It is based on recommendations for the
effective strength of concrete in the core of reinforced concrete columns [7].

The extended engineering mechanics model is used to derive analytical
formulae as the basis for dimensionless diagrams. They illustrate the limits of
the tolerable relative rotation as a function of the transmitted normal force.
The formulae and, hence, the dimensionless diagrams can be specified for
specific geometric and material properties of reinforced concrete hinges. The
usefulness of the described approach is assessed with the help of experimen-
tal data taken from the open literature. Subsequently, recommendations for
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verification of ultimate limit states of reinforced concrete hinges are elabo-
rated. They are applied to a posteriori verification of the reinforced concrete
hinges of an integral bridge in Austria [§].

The present paper is structured as follows. Section [2| contains the theo-
retical description of ultimate limits of reinforced concrete hinges. Section
deals with an assessment of the derived formulae by means of experimental
data taken from the open literature. Section [ is devoted to recommenda-
tions for verification of ultimate limit states of reinforced concrete hinges
and to their application to the aforementioned bridge. The paper ends with
a discussion (Section [f]), followed by conclusions (Section [G).

2. Theoretical investigation of ultimate limits of reinforced con-
crete hinges

Double-symmetric reinforced concrete hinges are geometrically described
by means of Cartesian coordinates z,y, z, see Fig. [ In this illustration, a
denotes the width and b the depth of the neck, br the depth of the front-side
notches, ¢ the depth of the adjacent reinforced concrete parts, d their width,
t the height of the throat of the neck, and S the opening angle of the throat.

Analytical formulae, expressing the normal force NV as a function of both
the change of length in the z-direction, A/, and the relative rotation Ay,
are derived in the following. Thereby, A¢ > 0 indicates an elongation and
Al < 0 a shortening of the neck, see Fig. 2] The neck is idealized as a
cuboid with geometric dimensions a, b, and a, in the x, y, and z-direction,
respectively, see Fig.

Figure 2: Idealized concrete hinge subjected to axial shortening A¢ < 0 and to a relative
rotation A¢; the out-of-plane dimension b of the neck is not shown [5]
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2.1. Derwation of an expression for N as a function of Al and Ag

The Bernoulli-Euler hypothesis is used. This leads to the following ex-
pression for the axial normal strain [5],

€= At + ap z. (1)
a a
Eq. underlines that the slope of £ along the z-axis is proportional to Ay
[5]:
=t ©)
z a

In order to calculate the axial normal stresses, linear-elastic, ideally-
plastic material behavior is assumed for both concrete and steel. This is
consistent with both the fib Model Code 2010 [7] and the Eurocode 2 [1].

It is assumed that concrete is unable to carry tension. Regarding compres-
sion, linear-elastic material behavior is assumed up to the elastic limit stress
|F'f.|. The symbol F denotes the triaxial-to-uniaxial compressive strength
ratio. It is estimated based on the Furocode-recommendations for partially

loaded areas [I], 5], O, 10, 11] as:
F=\/F,Fy, (3)

where F, and [} account for the lateral and the thickness contraction. They
are defined as [5]

Fa:min[?); g], (4)
and . c
Fb:mln[?); E] (5)

Ideally plastic behavior refers to a stress plateau, extending from the elastic
limit strain, €., to the ultimate limit strain, e ,:

Oc. = O ................ Ee Z 07 (6)
oo = —|Ff— ... 0> e > e, (7)
o.=—|Ff.| ... Ece > Ec > Ec s (8)

see Fig (a). The values of €., and €., will be discussed in Subsection .
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Figure 3: Linear-elastic and ideally-plastic material behavior of (a) concrete and (b) steel;
oe, €, and |F f.|, denote the normal stress, the normal strain, and the compressive strength
of concrete, respectively; o, €5, and f, stand for the normal stress, the normal strain, and
the yield stress of steel, respectively

As for steel, the reinforcement is assumed to influence the structural be-
havior significantly only if subjected to tension. Thus, compressive stresses
of steel are disregarded. In case of tension, steel is assumed to behave in a
linear-elastic fashion up to the yield stress, fyH This is followed by a stress
plateau, extending from the elastic limit strain, ¢,, to the ultimate limit
strain of steel, e ,:

0, = fy ........ €y < €s < Esus (9)
Es

O'S:fyg— ........... O§€S§€y7 (10)
)

0 =0 €s <0, (11)

see Fig (b) The values of ¢, and e;, will be discussed in Subsection
The normal force, which is transmitted across the neck, is equal to the
integral of the axial normal stresses over the cross-sectional area A of the

neck [5]:
N = /a dA, (12)

A
where dA = bdz. The width of the compressed ligament of concrete is

! Although conceptually desirable, no clear distinction between the proportionality limit
and the elastic limit is made.
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denoted as a., see Fig.[I} It is subdivided into two parts. Concrete behaves
in an ideally-plastic fashion in the interval from z=—a/2 to z=—a/2 + a,,
see also Fig. . Thus, a, denotes the width of the plastic ligament of concrete.
Concrete behaves in a linear-elastic fashion in the interval from z=—a/2+aq,
to z=—a/2 + a.. Thus, Eq. can be re-formulated as:

—a/2+ap —a/2+ac
N = / —|Ef.|bdz + / o.bdz+o0,Asx. (13)
—a/2 —a/24ap

The third term on the right-hand-side of Eq. (13)) refers to the reinforcement,
with A denoting the cross-sectional area of the rebars running across the
neck. The factor x is equal to 1 in case of tensile loading and equal to 0
otherwise:

0 ... AL<O. (14)

The sought expression for N as a function of Al and Ay is obtained from
inserting Eqs. @- into Eq. , and specializing the resulting expressions
for Eq. :

1 [AC Ap (a2 a’
N = —|ch|b{ap+6 [7(%—%)4'—(;—%—54'%)}}

c,e

{1 .. AL>0,
X:

+ o, pabx, (15)

where p denotes the reinforcement ratio [5]:

ab’
In Eq. , ab denotes the cross-sectional area of the neck, see Fig. .
In order to transform N into a dimensionless quantity, the degree of

utilization v is introduced [5]. It is equal to N divided by the maximum
compressive normal force that can be transmitted across the neck:

p (16)

v <1. (17)

" |Fflab =

The denominator in Eq. refers to the maximum compressive normal
force according Eq. . It is obtained in case of pure compression of the
neck, where Ap =0, a. = a, = a, and x = 0.

7
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2.2. Ultimate limit states of reinforced concrete hinges for different operating
conditions

In the following, a maximum tolerable relative rotation Ay, is assigned
to every bearable degree of utilization of the normal force, v. Thereby, Ay,
corresponds to an ultimate limit state (ULS) of a reinforced concrete hinge.
It is reached if the maximum compressive strain of the concrete is equal to
the ultimate limit strain e., and/or if the maximum tensile strain of the
steel rebars is equal to the ultimate limit strain e,,. Notably, the used
model is based on linear strain distributions across the width of the neck,
see Eq. . Seven specific strain distributions represent bounding scenarios
for six operating conditions of reinforced concrete hinges, see Fig. [ At
operating conditions I to IV which are bounded by the scenarios (a) and
(e), the ultimate limit strain of concrete is always reached at the left edge
of the neck. At operating conditions V and VI which are bounded by the
scenarios (e) and (g), the ultimate limit strain of steel is always reached.
The corresponding state variables Ay, Apy, ac, a,, X, 05, and v are listed in

Table I

Table 1: State variables associated with the ultimate limit states of reinforced concrete
hinges illustrated in Fig. [4]

ULS Al Ay Qe ap X O v

(a) a (806—;6”) (Ece — Ecou) a a_ 0 gz % 1

(b) a 8;“ —Ecu a Eq. f 0 ::z % 1-— 265le

(c) 0 2 ;_ Eq. f 0 0 % <1 - ;g;)
(d) agy ey —ceu) B () Ea. 22 1 Iy ;(2";_ ;) - @;3
(f) aEsu 2(esu —€ce) Eq. f 0 1 £, 4(8;8365676) B |/I)?§7§|
(g) aEsu 250 0 0 1 Iy — G;Z

147
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Figure 4: Seven schematic linear strain distributions, referring to ultimate limit states of
reinforced concrete hinges, representing boundary scenarios for six operating conditions;

and corresponding stress distributions, see aéso Eqgs. and
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2.3. Ultimate limits of operating condition I

In this case, the ultimate limits are bounded by the scenarios (a) and (b),
illustrated in Fig. [, see also Table [, The ultimate limit strain of concrete
is always reached at the left edge of the neck:

cc(z=—a/2) = ey . (18)

At the right edge of the neck, the strain of concrete ranges between ¢., and
0, see Fig. [ The slope of the strain distributions is proportional to the
maximum tolerable relative rotation, see Eq. . Thus,

(@) ... (Ece—€cn) KA < —gc ... (b), (19)

see Fig. [ and Table[l] The corresponding values of A/, follow from inserting
Eq. into Eq. and solving the resulting expression for Af,:

A@:a<é§f+aw>. (20)

The expression for a, as a function of Af, and Agy is obtained as follows:
The value of z at the elastic limit strain is obtained by setting Eq. equal
to €. and solving the resulting expression for z. This gives

Ece . Agé
Appr  Aypr

2(e=¢€ce) =a (21)

The width of the plastic ligament, a,, is by a/2 larger than z(e=e¢..), see
Fig. @l Thus, a, follows as

a n Ece Agg
a,=—-+a -—.
P2 A Ay

(22)
The degree of utilization, v, is obtained by inserting a. = a and x = 0,
see Fig. 4| and Table |1} together with Eq. into Eq. , specializing

the resulting expression for A¢, according to Eq. , and substituting the
obtained expression for N into Eq. . This gives

1 /1 1A, [ €en ?
—— | =€ce — Ecu — . 1 . 23
Ay <2€ 7 e ) - 2 Ecpe (ASOZ * ) (23)

10
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The sought expression for the maximum tolerable relative rotation as a func-
tion of v follows from solving Eq. for Ay, as

2 2
(V_ew)_ﬂy_ew) (o) e
Ece Ece Ece

Notably, inserting Eq. into Eq. shows that the operating condition I
is related to

ye{l— : ;1], (25)

=
]
1

(o))
o

[\ (O8] B W
(e} (e} o o
T T T T

maximum tolerable
relative rotation |Ayy| [mrad]
=

0 1 I 1 I 1 I 1 1 1 I 1
02 01 0 01 02 03 04 05 06 07 08 09 1

degree of utilization v = % -]

Figure 5: Maximum tolerable relative rotation of reinforced concrete hinges as a function of

the degree of utilization of the normal force; evaluation of Eqgs. (24)), , , , ,
and (49) for |Ff.| = 100MPa, e.. = —3.53 x 1073, €., = —8.00 x 1073, f, = 550 MPa,
Es = 200GPa, e, = f,/Es, €su = 25.0 x 1073, and p = 1.5%; v < 0 refers to the
theoretical case of a tensile normal force transmitted across the neck.

2.4. Ultimate limits of operating condition II

In this case, the ultimate limits are bounded by the scenarios (b) and (c),
illustrated in Fig. [d] see also Table[l] The ultimate limit strain of concrete is
always reached at the left edge of the neck, see Eq. . The zero-position
of the strain ranges between z = a/2 and z = 0, see Fig. . The slope of

11
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the strain distributions is proportional to the maximum tolerable relative
rotation, see Eq. . Thus,

(b) ... —ecu<Ap < 26, ... (c), (26)

see Fig. dland Table . The corresponding values of Af, are given in Eq. .

The expression for a. as a function of Af, and Ay, is obtained as follows:
The value of z at the zero-position of the strain is obtained by setting Eq.
equal to zero and solving the resulting expression for z. This gives [5]

2(e=0) = ——. (27)

The width of the compressed ligament is by a/2 larger than z(¢=0), see
Fig. [l Thus, a. follows as [5]

a Agg

The degree of utilization, v, is obtained by inserting y = 0 together with
Eq. and Eq. into Eq. , specializing the resulting expression for
A/, according to Eq. , and substituting the obtained expression for N
into Eq. . This gives

1 Ece
= — (== —ecu) - 29
v A@g(? 8’) ( )

The sought expression for the maximum tolerable relative rotation as a func-
tion of v follows from solving Eq. for Ay, as

Apy = % (62 - ac,u> : (30)

Notably, inserting Eq. into Eq. shows that the operating condition II

is related to .
606 ECE
I I [ 31
Ve [2( 250#) ’ 25,;,”]’ (31)

see the part of the abscissa between the labels (b) and (c) in Fig. [f]

12
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2.5. Ultimate limits of operating condition I11

In this case, the ultimate limits are bounded by the scenarios (c¢) and (d),
illustrated in Fig. [, see also Table [, The ultimate limit strain of concrete
is always reached at the left edge of the neck, see Eq. . The strain of
steel at the center of the neck ranges between 0 and ¢, see Fig. . Thus, the
maximum tolerable relative rotation ranges in the following interval

(€) oo =200 <A< 2ey — o) ... (d), (32)

see Fig. , Eq. , and Table (1} The corresponding values of A/, are given
in Eq. .

The stress of the steel rebars, o, is a function of A¢,. It is obtained as
follows: The rebars run across the centerline of the neck (y, z = z = 0).
Thus, their strain follows from inserting z = 0 into Eq. as 5, = Aly/a.
Inserting this expression into Eq. delivers

o5 = &% (33)

Ey a

The degree of utilization, v, is obtained by inserting x = 1 together

with Eq. , Eq. , and Eq. into Eq. , specializing the result-
ing expression for Af¢, according to Eq. , and substituting the obtained
expression for N into Eq. . This gives

o 1 Ecee ASOE fy 1Y
V_A_W< % — o) (T“w) e, (34)

The sought expression for the maximum tolerable relative rotation as a func-
tion of v follows from solving Eq. for Ay, as

_|ch‘5y ( fy p)
A = — V+Ecu .
s fr p “IEf e,

fy P ? fy P (Ece
- \/<+W_) 2ips (5 o) |- 69

Notably, inserting Eq. into Eq. shows that the operating condi-
tion III is related to

leee =€ pf, 1 €
e | 2eeTlen Pl L) See ) 36
v [2<ay—ec,u> A 2( 2” (36)

see the part of the abscissa between the labels (c) and (d) in Fig. [f|

13
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2.6. Ultimate limits of operating condition IV

In this case, the ultimate limits are bounded by the scenarios (d) and (e),
illustrated in Fig. [d] see also Table[T] The ultimate limit strain of concrete is
always reached at the left edge of the neck, see Eq. . The strain of steel
at the center of the neck ranges between ¢, and ¢,,, see Fig. . Thus, the
maximum tolerable relative rotation ranges in the following interval

(d) .. 20y —een) SApr <25y —Ecu) .. (e), (37)

see Fig. [l Eq. (2), and Table[1] The corresponding values of Al, are given
in Eq. (20)).

The degree of utilization, v, is obtained by inserting x = 1 together
with Eq. , Eq. , and o5 = f, into Eq. , specializing the result-
ing expression for Af¢, according to Eq. , and substituting the obtained
expression for N into Eq. . This gives

1 e P fy
T Ap < 2 507“) Ff| (38)

The sought expression for the maximum tolerable relative rotation as a func-
tion of v follows from solving Eq. for Ay as

~1
Agp = (5;@ _ €c,u> (1/ + |§7§ZZ|> ) (39)

Notably, inserting Eq. into Eq. shows that the operating condi-
tion IV is related to

(40)

1 1
e |: 5€ce T Ecu o pfy : 5€ce T Ecu B pfy :| ’
2(Es,u - Z‘:c,u) |ch| 2(5y - Ec,u) |ch|

see the part of the abscissa between the labels (d) and (e) in Fig. [f]

2.7. Ultimate limits of operating condition V

In this case, the ultimate limits are bounded by the scenarios (e) and (f)
illustrated in Fig. [ see also Table [I The ultimate limit strain of steel is
always reached, i.e.

e(z=0) =5 - (41)

14
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At the left edge of the neck, the strain of concrete ranges between ¢, , and
Ec,e, SeE Fig. . Thus, the maximum tolerable relative rotation ranges in the
following interval

(e) ce 2<58,u - 5c,u) > AQDZ > 2<5s,u - 50,6) s (f) ) (42>

see Fig. , Eq. (2), and Table . The corresponding value of A¢, follows from
inserting Eq. into Eq. and solving the resulting expression for A/,
as

Af[ =QEsqy - (43)

The degree of utilization, v, is obtained by inserting x = 1 together

with Eq. (22), Eq. (28), and o, = f, into Eq. (15]), specializing the result-
ing expression for A¢, according to Eq. , and substituting the obtained
expression for N into Eq. . This gives

1 Ece Esu pfy
v=|-+ — — ’ — . 44
(2 2 Agy Aw) |Ffe| (44)

The sought expression for the maximum tolerable relative rotation as a func-
tion of v follows from solving Eq. for Ay as

sor= (o) (v b 22) 5
T\ U R

Notably, inserting Eq. into Eq. shows that the operating condition V
is related to

Ve

|: _€c7e B pfy . %50,6 - 8C,u _ pfy :|
4(€s,u - 50,6) |ch‘ ’ 2(53,u - Ec,u) ‘ch’ ’

see the part of the abscissa between the labels (e) and (f) in Fig. [5|

(46)

2.8. Ultimate limits of operating condition VI

In this case, the ultimate limits are bounded by the scenarios (f) and
(g), illustrated in Fig. [4] see also Table|l] The ultimate limit strain of steel
is always reached, see Eq. . At the left edge of the neck, the strain of
concrete ranges between e.. and 0, see Fig. . Thus, the maximum tolerable
relative rotation ranges in the following interval

(f) AR 2<Es,u - 807@) Z Agpf Z 258,’[1, A (g) Y (47)

15
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see Fig. 4| Eq. , and Table . The corresponding value of A/, is given in

Eq. (43).
The degree of utilization, v, is obtained by inserting x = 1 together with

a, = 0, Eq. , and o = f, into Eq. , specializing the resulting expres-
sion for A¢, according to Eq. , and substituting the obtained expression
for N into Eq. . This gives

1 Esu 1 gg,u 1 ASOE 1Y fy
v=|- — - = —
2 Ece QASDK Ece 8 Ecee ‘ch|

The sought expression for the maximum tolerable relative rotation as a func-
tion of v follows from solving Eq. for Ay, as

legy pf
A =1 c.e —— =V — J
i e (250,6 Y |ch|>

leg, pfy,\° 1€,
Y - o 49
\/<2 e Y |ch|) dez, (49)

Notably, inserting Eq. into Eq. shows that the operating condi-
tion VI is related to

_pfy . —Ece o pfy :| 0
ye[ \Ff.] " 4(csn —€ee)  |Ffe| ]’ (50)

see the part of the abscissa between the labels (f) and (g) in Fig. [l

. (48)

2.9. Design values of elastic and ultimate limit strains of steel and concrete
The design value of the elastic limit strain of steel, g,4, is taken from
[T, [7):
fy 1

Eyd = — , 51

v s Esm ( )
where f, denotes the characteristic value of the yield stress, vg = 1.15 stands
for the partial safety factor for steel, and FE,, denotes its modulus of elasticity.

The design value of the ultimate limit strain of steel is obtained as [T, [7]

Esud = 0.9 Euk ~ gik , (52)
Vs
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where ¢, denotes the characteristic ultimate limit strain of steel accord-
ing to European design specifications. The Eurocode [I] defines the most
unfavorable (= smallest) value of e,; as 25 x 1073, This delivers

Esud = 22.5 x 1072 (53)

As for concrete, the design values of the elastic limit strain, €. .q, and of
the ultimate limit strain, €.,q, deserve special considerations. The difference
|€cud — €cea| defines the length of the stress plateau of concrete in com-
pression in case of ideally-plasticity, see Fig (a). The ductility of concrete
decreases with increasing strength, but increases with increasing confine-
ment. Herein, these dependencies are accounted for analogous to regulations
of Eurocode 2 [I] and recommendations of the fib Model Code 2010 [7].

Regarding unconfined (= uniazial) compression of normal-strength con-
crete, with strength values in the interval 12 MPa < |f.;| <50 MPa, the Eu-
rocode 2 [I] and the fib Model Code 2010 [7] suggest

eunt| = 1.75 x 107 (54)
and '
|evn] =3.50 x 1072 (55)

For high-strength concrete, with characteristic strength values larger than
50 MPa, €. .q4 and €. ,q depend on the strength class, see [I} [7] and Table .

Table 2: Values of the elastic limit strain and the ultimate limit strain of high-strength
concretes C70 and C100, respectively [11 [7]

high strength high strength
concrete C70 concrete C100

levmi] | 2.00 x 1073 2.40 x 1073
leeni] | 2.70 x 1073 2.40 x 1073

With increasing confinement of concrete, the absolute values of both e, ¢4
and €. ,4 increase. Qualitatively, this is suggested by triaxial experiments, see
e.g. [12,13]. However, some quantitative details are yet not fully understood.

Regarding concrete located in the core of columns containing confining
reinforcement, the fib Model Code 2010 [7] suggests the following formulae
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for €. cq and €.,4. Based on research by Mander et al. [14, [15], they read as

3
lEeeal = €24, {1 +17.5 (}’_2) ] , (56)
ck
and -
uns 2
|€C,Ud| = ‘Ec,ud’ +0.2 f_ ) (57)
ck

respectively, where o9 = 03 denotes the effective lateral compressive stress at
the ultimate limit state. Concerning reinforced concrete columns, the ratio
09/ fer amounts to = 0.003.

Corners of reinforced concrete frames are characterized by larger confine-
ment than reinforced concrete columns. Ultimate limit states under seismic
loading frequently refer to plastic hinges, developing at the corners of frames.
These regions are strongly reinforced in order to enable the transfer of sig-
nificant bending moments. The resulting confinement of concrete increases
its ultimate limit strain to characteristic values that are two to four-times

larger than |ef7|, see e.g. [16]:
2 |echal < lecual < 4legnal - (58)

The corresponding values of o3/ f.i, follow from inserting expressions and

Eq. into Eq. as

0.0175 < 72 < 0.0525. (59)
ck

In order to quantify the confinement, which is activated in concrete hinges
designed according to the recommendations of Leonhardt and Reimann [0],
nonlinear Finite Element simulations were carried out [10]. They revealed
that the ratio between the three principal compressive stresses amounts to
1.00:0.45:0.30.

The discussed confinement levels are separated by orders of magnitude.
The one of reinforced concrete columns is the smallest. It is given as &~ 0.003.
The one at corners of reinforced concrete frames is by one order of magnitude
larger, i.e. ~0.03, and the one of concrete hinges is another order of mag-
nitude larger, i.e. = 0.3. This underlines that the Eqs. and should
not be expected to be reliable, from a quantitative viewpoint, for assessing
the confinement of reinforced concrete hinges. In the interest of developing
design recommendations that are based on developments of the fib Model
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Code 2010, these formulae are nonetheless used for sensitivity analyses. The
sensitivity of ultimate limit envelopes (ULE), see Fig. , with respect to the
confinement parameter o,/ f is analyzed in the following section. In or-
der to identify a useful value of o9/ fu, different ultimate limit envelopes
are assessed by means of experimental data from bearing capacity tests of
reinforced concrete hinges.

3. Assessment of the theoretical investigation by means of experi-
mental data

The usefulness of the theoretical investigation is assessed by applying
the derived formulae to the analysis of bearing capacity tests of reinforced
concrete hinges, see Table [3] Two different test protocols were the basis
of the experimental program. Eccentric compression tests were carried out
by Schlappal et al. [5, 7], see Subsection . The normal force and the
relative rotation were controlled independently by Schlappal et al. [5], see
Subsection [3.2] and by Base [I8], see Subsection [3.3|

In order to assess the measured experimental data, expected values of the
material properties of steel and concrete are taken into account when com-
puting ultimate limit envelopes. As for steel, this includes the characteristic
value of the yield stress, f,, and the expected value of modulus of elasticity,
Eqn, see Table [3] The expected value of the elastic limit strain follows from

Eq. as

€y = =€Eyds - (60)

y
Esm
The expected value of the ultimate limit strain follows from Eq. as

£ o Esud
s,u
0.9

As for concrete, the expected material properties include the experimentally
determined value of the uniaxial compressive strength, f.. The expected
values of the elastic and ultimate limit strains of concrete are obtained, anal-
ogous to steel, see Egs. and , from multiplying the corresponding
design values, see Eq. and Eq. , respectively, with the partial safety
factor for concrete, o = 1.5,

R Esud S - (61)

lEcel = lec,ed| ve s (62)

lecul = |€cud] Yo - (63)
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Sensitivity analyses with respect to the confinement level were carried
out. For each one of the analyzed tests, five ultimate limit envelopes were
computed by means of the formulae derived in Section 2| for five particular
confinement levels, see the second column in Table 4l Corresponding values
of e.. and €., are also listed in Table @ They were computed according to

Eqgs. —, Table , and Egs. and .

e Normal-strength concrete was used to produce the specimens for the
test sets A1, A2, B1, B2, Base 1, Base 2, and Base 3. The corresponding

values of [e22| and [e¥y| are given in Eqs. and .
e High-strength concrete with |f.| ~ 75 MPa was used to produce the
specimens for the test set A3. The corresponding values of [¢%"| and

|€uni c.ed

cal, referring to the strength class C70, are shown in Table .
e High-strength concrete with |f.| ~ 108 MPa was used to produce the
specimens for the test set B3. The corresponding values of [¢¥%| and

c.ed

|evni | referring to the strength class C100, are shown in Table .

c,ud

Notably, the obtained values of €., are still smaller than ultimate limit strains

observed in experiments on plain concrete subjected to triaxial compression
[12, 13].

Table 4: Expected values of the elastic limit strain, €., and of the ultimate limit strain,
€c.u, as functions of the confinement level oo/ fek, according to the fib Model Code 2010 [7],
for normal-strength concrete and high-strength concretes C70 and C100, see also Eqgs. -

, Table [2| and Eqgs. and

confinement | normal-strength | high-strength high-strength

level concrete concrete C70 concrete C100

UQ/fck: |€c,e’ |Ec,u| |€c,e| ’50,u| ‘Ec,e |€c,u‘

ULE [1072] [1073]  [1073] | [1073] [1073] |[107%] [107%]
A 0.00 2.63 5.25 3.00 4.05 3.60 3.60
B 0.75 3.80 7.50 4.34 6.30 5.21 5.85
C 1.50 4.59 9.75 5.25 8.55 6.30 8.10
D 2.25 5.30 12.0 6.05 10.8 7.26 10.4
E 3.00 5.94 14.3 6.78 13.1 8.15 12.6
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3.1. Eccentric compression tests by Schlappal et al. (2017/2019)

Schlappal et al. [5, [I7] subjected three sets of reinforced concrete hinges
to monotonously increasing eccentric compression up to their bearing capac-
ity, see data labeled as Al, A2, and A3 in Table 3| Set Al refers to three
nominally identical specimens, produced with normal-strength concrete and
aggregates with maximum diameters of 16 mm, see [I7]. Set A2 refers to
two nominally identical specimens, normal-strength concrete, and maximum
aggregate diameters of 8 mm. Set A3 refers to three nominally identical spec-
imens, high-strength concrete, and maximum aggregate diameters of 8 mm,
see [5]. The recorded data of sets Al, A2, and A3 are shown in Figs. [6](a),
(c), and (e), respectively.

Ultimate limit envelopes were computed based on the formulae derived
in Section 2 see Figs. [6|(b), (d), and (f). Egs. (24), (30), (35). (39). (7).
and were evaluated based on the geometric dimensions of the tested
concrete hinges and the properties of the concrete and the rebars used, see
Table . As for the values of .. and ¢.,, sensitivity analyses with respect
to five different confinement levels were carried out, see Table [ Graphs,
illustrating the test data, are added to the diagrams showing the ultimate
limit envelopes. In the present context of eccentric compression tests, M is
directly proportional to N. Thus, the relation between Ay and M is affine to
the one between Ay and v, compare Figs.[6|(a), (c), and (e) with Figs. [6](b),
(d), and (f).

The points at which the graphs of the experimental data intersect the
graphs of the ultimate limit envelopes, represent candidates for ultimate
limit state values consisting of a specific normal force and a specific relative
rotation, see the circles in Figs. [6](b), (d), and (f). The points concerned
in the graphs of the experimental data, see Figs. [6](a), (c), and (e), are
candidates for ultimate limit states (ULS) of the tested concrete hinges.

All of the investigated values of the confinement level result in a conser-
vative assessment of the ultimate limit state of the tested reinforced concrete
hinges. The model-predicted ULS values “A” refer to loading states beyond
which an additional significant increase of both the bending moment and the
relative rotation was experimentally possible, see Figs. [f(a), (c), and (e).
Thus, the model-predicted ULS values “A” appear to be overly conservative.
The model-predicted ULS values “D” refer to loading states which are close
to the maximum bending moment of the tested specimen. On the other
hand, the corresponding limits Ay, appear to be still conservative, because
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Figure 6: Analysis of eccentric compression tests of reinforced concrete hinges A1, A2, and
A3: (a), (c), and (e) show experimental data [Bl [I7]; (b), (d), and (f) show ultimate limit
envelopes computed by means of the formulae derived in Section [2] Table [3] and Table

23



405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

the relative rotation could be increased experimentally to even larger values
in all eight analyzed experiments, see Figs. [0](a), (c), and (e).

3.2. Cyclic bending tests by Schlappal et al. (2019)

Schlappal et al. [5] subjected three types of specimens of reinforced con-
crete hinges to cyclic bending, see data labeled as B1, B2, and B3 in Table[3]
Specimens Bl were produced with an a/d-ratio amounting to 0.3, with a
normal-strength concrete, specimens B2 with a/d = 0.2, with a normal-
strength concrete, and specimens B3 with a/d = 0.2, with a high-strength
concrete. In each one these three cases, three pairs of crossing steel rebars,
with a diameter of 1.2 cm, were running across the neck.

Three nominally identical reinforced concrete hinges were produced and
tested for each one of the three specimen types, resulting in a total of nine
specimens, see Table [3| At first, the specimens were subjected to a specific
compressive normal force which was kept constant thereafter. As for the three
specimens of type B1, the normal forces amounted to —1300 kN, —2600 kN,
and —4500 kN, respectively. The same values of the normal forces were used
for the tests on specimens B2. As for specimens B3, these forces amounted
to —2600 kN, —3500kN, and —5400 kN, respectively. Subsequently, relative
rotations were imposed in a cyclic fashion and with increasing amplitudes,
followed by removal of the applied bending moment. The maximum relative
rotation amounted to ~20mrad. Notably, in the experiments the bearing
capacity of the concrete hinges was never reached, see the test results, illus-
trated in Figs. [7](a), (b), (c),[§(a), (b), (c), and [9|(a), (b), (c).

Ultimate limit envelopes were computed based on the formulae derived
in Section [2] see Figs.[7(d), [§)(d), and [0](d). Eqgs. 4), (30), (35). (39). (7).
and were evaluated based on the geometric dimensions of the tested
concrete hinges and the properties of the concrete and the rebars used, see
Table . As for the values of .. and ¢.,, sensitivity analyses with respect
to five different confinement levels were carried out, see Table [l Graphs,
illustrating the test data, are added to the diagrams showing the ultimate
limit envelopes. In the tests, carried out with a constant normal force, Ay
was increased and decreased at a constant value of v, see Figs. [7](d), [§(d),
and @(d) The three experiments each for the three specimen types are
highlighted in red, green, and blue, respectively.

The points at which the graphs of the experimental data intersect the
graphs of the ultimate limit envelopes, represent candidates for ultimate
limit state values consisting of a specific normal force and a specific relative
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Figure 7: Analysis of tests with cyclic bending, at a constant normal force, on reinforced
concrete hinges B1: (a), (b), and (c) show experimental data [5]; (d) refers to identification
of ultimate limit envelopes, computed by means of the formulae derived in Section
Table[3] and Table[d} the square symbols highlight the residual relative rotations measured
at the end of the last test cycles
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Figure 8: Analysis of tests with cyclic bending, at a constant normal force, on reinforced
concrete hinges B2: (a), (b), and (c) show experimental data [5]; (d) refers to identification
of ultimate limit envelopes, computed by means of the formulae derived in Section
Table 3] and Table[d} the square symbol highlights the residual relative rotation measured
at the end of the last test cycle
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Figure 9: Analysis of tests with cyclic bending, at a constant normal force, on reinforced
concrete hinges B3: (a), (b), and (c) show experimental data [5]; (d) refers to identification
of ultimate limit envelopes, computed by means of the formulae derived in Section
Table[3] and Table[d} the square symbols highlight the residual relative rotations measured
at the end of the last test cycles
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rotation, see the circles in Figs. [7](d), [§|(d), and [0|(d). The points concerned
in the graphs of the experimental data, see Figs. (a), (b), (c), (a), (b),
(c), and [9|(a), (b), (c), are candidates for ultimate limit states (ULS) of the
tested concrete hinges.

In four out of the nine tests the model-predicted ULS values “C” were
surpassed, see Figs. [7](c), [§|(b) and (c), as well as [9|(c). As for the other
five tests, the small values of residual relative rotations, measured at the end
of the last test cycles, i.e. after unloading to M = 0kNm, indicate that the
respective bearing capacities were far from being reached, see the squares in
Figs. [](a) and (b), [§/(a), as well as [J](a) and (b). Thus, ULS values “C”

appear to be reasonable.

3.3. Ezperiments by Base (1962)

Base [18] tested four concrete hinges. Three of them were reinforced.
They are labeled as Base 1, Base 2, and Base 3, see Table [3] Their structural
performance is described in the following.

The test Base 1, see also the squares in Fig. [10 was carried out as follows:
at first, the specimen was subjected to a normal force amounting to —750 kN.
While it was kept constant, the relative rotation was monotonously increased
to 25 mrad. Then, it was decreased to 10 mrad. Simultaneously, the absolute
value of normal force was increased to —1480kN. Finally, the new value of
the normal force was kept constant, and the relative rotation was increased
up to failure, which occurred at 21 mrad.

The test Base?2, see also the squares in Fig. (11, was carried out as fol-
lows: at first, the specimen was subjected to a normal force amounting to
—1450kN. Then, the relative rotation was increased to 20 mrad, followed
by cyclic loading in the interval from 10 mrad to 20 mrad and —1400kN to
—1650 kN, respectively. After 900 cycles, the relative rotation was increased
to 7T0mrad. Larger values could not be applied by the testing machine.
Therefore, the relative rotation was kept constant and the normal force was
increased to —2500kN. Larger values could not be applied by the testing
machine. The specimen did not fail. The test was terminated.

The test Base 3, see also the squares in Fig. [12], was carried out as follows:
at first, the specimen was subjected to a normal force amounting to —760 kN.
Then, the relative rotation was increased to 20 mrad, followed by cyclic load-
ing in the interval from 10mrad to 20 mrad and —810kN to —990 kN, re-
spectively. After 200 cycles, the relative rotation was increased to 25 mrad.
Then, a shear force was imposed and increased to 500 kN. The normal force
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Figure 10: Analysis of the test Basel: experimental data from [I8] and ultimate limit
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Figure 11: Analysis of the test Base2: experimental data from [I8] and ultimate limit
envelopes, computed by means of the formulae derived in Section [2] Table [3] and Table
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was varied between —520 kN and —820kN. Finally, the normal force was set
equal to —760kN, the shear force to 440kN, and the relative rotation was
increased to up failure, which occurred at 64 mrad.
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Figure 12: Analysis of the test Base3: experimental data from [I8] and ultimate limit
envelopes, computed by means of the formulae derived in Section [2], Table [3] and Table

Ultimate limit envelopes were computed for the three tested concrete
hinges. The Egs. ([24), (30), 835). (39), (45), and were evaluated based
on the geometric dimensions of the concrete hinges and the properties of the
concrete and the rebars used, see Table[3] Because Base did not document the
quality of the steel used, B550 A was assumed, see Table[3] As for the values
of e.. and e, sensitivity analyses with respect to five specific confinement
levels were carried out, see Table [4]

The obtained ultimate limit envelopes are added to the graphs showing
the experimental data, see Figs. [10]-[12] The failure states of the specimens
Base1 and Base3 and the final state of specimen Base2 are outside the
ultimate limit envelope “C”, see Figs. - [[21  This confirms that ULS
values “C” appear to be reasonable.

3.4. Recommended confinement level for reinforced concrete hinges
The derived ultimate limit envelopes were assessed by means of experi-
mental data from 20 different tests of reinforced concrete hinges.

e Two specimens failed. The other 18 tests were stopped before failure
was observed.
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e In 15 tests, including the two ones where failure was observed, the ul-
timate limit envelope “C” was surpassed. In the other five tests, where
the specimens did not fail, the residual relative rotations were measured
after complete unloading. They are rather small. This indicates that
the bearing capacities of the reinforced concrete hinges were far from
being reached.

It is concluded from the presented analysis of experimental data that the
ULS values “C” are reasonably conservative. This refers to a computed
confinement value of -

—2 = 15x%x1072, (64)
ck

see Table Inserting this value into Eqgs. and delivers design values
of the elastic and ultimate limit strains of concrete as

lecea| = 1.75 €27, (65)
and '
|ecual = lebmiyl +3.0 x 1072 (66)

These values are recommended for verification of ultimate limit states of
reinforced concrete hinges.

4. Verification of ultimate limit states of reinforced concrete hinges
in integral bridge construction

The formulae derived in Section [2| were shown to be suitable for descrip-
tion of ultimate limits of reinforced concrete hinges, see Section [3| This was
the motivation for using them as the basis for recommendations regarding
verification of ultimate limit states in integral bridge construction. Recom-
mendations concerning the layout of the structural dimensions of concrete
hinges and verification of serviceability limit states are documented in [5].

4.1. Layout of the geometric shape of reinforced concrete hinges

As for the layout of structural dimensions of concrete hinges, the following
recommendations are adopted from Leonhardt and Reimann [6]

a<0.3d, (67)
0.2a,
b= {2 cm, (68)
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tan 8 < 0.1, (69)

0.7a
> )

br 2 {5 cm, (70)
see Fig. [1] for the definition of the letter symbols used. Egs. @)— ensure
that beneficial triazial compressive stress states are activated in the region
of the neck and that undesirable tensile macrocracking of concrete is avoided
further away from the neck, see [0, 9] and Fig. [L3|

structural
damage

Figure 13: Concrete hinges at the Viaduto de Gongalo Cristovao, built in 1961, in Porto,
Portugal: (a) shows the structural subsystem; (b) refers to structural damage that could
have been avoided, if the conditions — had been respected; after [5].

4.2. Verification of ultimate limit states

It is recommended to use a two-step procedure, referring to the investi-
gation of two bounding scenarios [5].

Step 1: The concrete hinge shall be modeled as a classical hinge without
bending stiffness, see Fig (a). The structural analysis concerned
delivers an upper bound of the relative rotation and a lower bound of
the absolute value of the bending moment: M = 0kNm. The design of
the concrete hinge is based on computed design values for the normal
force N, and the relative rotation Agg.
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Step 2 The largest bending moment that can be activated at the designed
reinforced concrete hinge is calculated. It represents the maximum
bending moment that can be carried by the reinforced concrete hinge.
The design value of this maximum bending moment, Mg q., is im-
posed on the concrete hinge, and the structural analysis is repeated,
see Eq. and Fig[14)(b). This delivers a lower bound for the relative
rotation and an upper bound for the bending moment. The obtained
inner forces are the basis for the design of the starter bars and the split-
ting tensile reinforcement of the adjacent reinforced concrete members.
The latter refers to the transport of transverse tensile forces.

Realistic scenarios must fall in between the two analyzed bounds.

(a) (b)

Figure 14: Bounding scenarios for the design of concrete hinges: (a) classical hinge without
bending stiffness; (b) application of the design value of the maximum bending moment
Mg maz to the concrete hinge

As for step 1, quantification of normal forces and relative rotations is
based on combinations of permanent loads (index G), prestressing (index P),
and variable loads (index @)). The design values of the normal forces, N,
are obtained from the regulations of the Eurocode for structural design of
bridges [2] 3], 4]:

Ny = Z Ya.j Naj +vp Np + 71 Noa + Z Qi Yo.i NQi» (71)

J 1>1

where the coefficients 1)y ; < 1 account for the small probability that several
unfavorable non-permanent actions occur simultaneously. The symbols ¢,
vp, and ¢ denote the partial safety factors. As for the related design values
of the relative rotations, it is recommended to account for visco-elastic stress-
relaxation of concrete, which reduces the bending stresses associated with
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permanent relative rotations [17]. Following Leonhardt and Reimann [6], this
can be accounted for by applying a 50 %-reduction to the relative rotations
resulting from permanent loads and prestressing, respectively:

Apg = |:Z’YG,] Agpg,; +7PA90P] +7Q1A90Q1+ZVQ1¢OZAQDQ1- (72)

i>1

Given that creep of concrete is simply accounted for by the reduction factor
1/2 in Eq. , the value of E,,, involved in the elastic part of the analysis
refers to the secant modulus of elasticity of concrete [I].

It is recommended to verify the ultimate limit states after the serviceabil-
ity limit states, see [5] and item “A” in Table[5| Thus, the geometric dimen-
sions of the concrete hinge, the reinforcement ratio, the triaxial-to-uniaxial
compressive strength ratio, and the strength classes of both concrete and
steel are already known. As for the verification of ultimate limit states, the
design strength values f.q and f,q are relevant see [1,[7]. The ultimate limit

envelope is determined based on Egs. , ., . ., ., and .

As for the values of e. .4 and e, g4, it is recommended to set the confinement
level 03/ f, equal to 1.50 x 1072, see also Egs. —. All possible combi-
nations of values of v; and |Agp,| are inserted into the diagram containing the
ultimate limit envelope. Thereby, the degrees of utilization v, are quantified
according to Eq. , based on the computed normal forces, see Eq. .
An acceptable layout is obtained, if all combinations of v; and |Apg| are
within the ultimate limit envelope.

As for step 2, the maximum of the absolute value of the bending moment
that can be activated at the designed reinforced concrete hinge is determined.
For that purpose, the Eurocode-inspired interaction envelope, developed by
Kalliauer et al. [10] is used. The largest bending moment follows as

1
My = 5 |Fela®. (73)

As for quantification of the design value of the maximum bending moment, f.
in Eq. must be set equal to an upper quantile of the uniaxial compressive
strength, i.e. to fo + 16 MPa, see also [5, 19]. In addition, the partial safety
factor for concrete v must be applied multiplicatively. Thus, the design
value of the maximum bending moment is obtained as

'YC

My maz = (|fck| + 16 MPa) a’b. (74)
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Table 5: Step-by-step design procedure for verification of ultimate limit states of reinforced
concrete hinges

A. Verify the serviceability limit states according to Schlappal et al. [5]

B. Model the concrete hinge as a classical hinge without bending stiffness; analyze all load cases

! Ng = Z’YG,J' Ng,j +vp Np+ 79,1 Ng JrZ’YQ,i Yo,i N .i

A(Pd J i>1
1
Apa =5 [Z e Apa,j +p AW} +701 8001+ D104t Avq
TNd i i>1
C. Quantify the degrees of utilization
Ny

V= ———

T |Ffeq| ab

D. Determine the ultimate limit envelope

2 2
Ec,ud Ec,ud Ec,ud Ec,ed
1. Aped = coed (de) (Vd c,u) (“‘1) yde{l”;l}
Ec,ed Ec,ed Ec,ed 2Ec,ud

1 Ec,ed 1 Ec,ed Ec,ed
2 Apra=— (20 —eua) vae |5 (1o gt 1 et
ped V4 2 eud v 2 256,ud 256,ud

—|Ffedl €ya ( fya P ) ( fya P )2 fya P (Eced
3. A = 5 Vgt Ecu — | — 1% +€c,ud - +2 - ( ’ - Ec,ud)
phd fyd P ¢ ' d‘chd|5yd ¢ |chd|5yd ‘chd|5yd 2

%€c,ed7€c,ud _ pfyd . 1 (1 _ Ec,ed >:|
Q(Syd - 6c,ud) ‘chd| ’ 2 25c,ud

4 Ap (ec,ed . ) (V n P fyd )_1 e [ $ced = Ecud  Pfyd  3Eced —Ecud P fyd ]
. = — Ccyud d d - 3 -
t 2 ) |chd| 2(Es,ud - 5c,ud) |chd| 2(5yd - 6c,ud) |chd|

I/d€|:

5 Aws = (M—s ) U _1+ P fyd - v € —Eced _ Pfyd %Ec,ed—ﬁc,ud P fyd
' L 2 sud d 2 ‘chd| ¢ 4(Es,ud _5c,ed) |chd| ’ 2(€s,ud _5c,ud) |chd|

2 2
legud pfd legud pfyd 1€5ua

6. Appa =4eced ( e T U et - ==
7 2 Ec,ed |chd| 2 Ec,ed |chd‘ 4 52

c,ed

pfyd . —Ec.ed pfyd :|

Vg € | — 3 —
4 [ |Ffeal " 4(esud — €ced) | Ffedl

E. Check whether all combinations of v4 and |Aypy| are within the ultimate limit envelope

F. Apply the design value of the maximum bending moment to the concrete hinge;
re-analyze all load cases

[}

gle]
Mgy Mdmaz = g F (\fckl +16 MPa) a’b

i
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This bending moment is applied to the concrete hinge as the basis for the
design of the adjacent parts of the reinforced concrete structure.

4.3. Exemplary application to the existing Huyck-bridge

The Huyck-bridge [8, 20] is a post-tensioned reinforced concrete structure
with a span of 43m, see also [5]. The two abutments are connected to the
structure by three reinforced concrete hinges each, see Fig.[15 There are two

A -
: \ N — foam
49.92 \

single-grain |%
concrete

Steinschiichtung

: s - Schwarza ‘

concrete hinges - L
\_’—g[ v
L. 52 5 ! %0 ‘

| 5.50 37.87
F

(a) (b)

Figure 15: (a) One half of the longitudinal section, taken from [20], showing the positions
of the reinforced concrete hinges, and (b) vertical section through one of the concrete
hinges, showing the reinforcement crossing the neck [21]

types of concrete hinges, labeled CH1 and CH2. They differ in the depths of
the necks and, thus, in the cross-sectional area, see Table [6]

The reinforced concrete hinges of the Huyck-bridge were designed accord-
ing to the guidelines of Marx and Schacht [9, 22]. These guidelines are based
on the verification of ultimate limit states. They were obtained by trans-
lating the design recommendations of Leonhardt and Reimann [6] into the
nomenclature of the current Eurocode.

Structural analysis of the Huyck-bridge was carried out according to the
regulations of the Eurocode for structural design of bridges |2 3, 4]. In order
to calculate the normal forces and relative rotations, the concrete hinges were
modeled as classical hinges without bending stiffness [20], 21]. Design values
of the normal forces and the relative rotations were computed according to
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Table 6: Material properties of the concrete and the steel rebars and geometric dimensions

of the two types of concrete hinges of the Huyck-bridge [21]

| fer | 30 MPa
E.., 33 GPa
strength class for concrete: C30 52‘23 1.75 x 1073
837% 3.50 x 1073
Eced 3.06 x 1073
Ecwa 650 x 1073
fuk 550 MPa
E, 200 GPa
strength class for steel: B550 Ys 1.15
Eyd 2.39 x 1073
Esua 2250 x 1073
a; = as 150mm
by 2250 mm
eometric dimensions b2 2650 mm
8 ¢, 3100mm
Co 5275 mm
dl = dg 1000 mm
. .. .. . F 2.03
ratio of triaxial-to-uniaxial compressive strength P 9 44
. . Ay 12667 mm?
cross-sectional area of the reinforcement Ay 16286 mm?
reinforcement ratio Z ; iIgZZ
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Eqgs. and . The most unfavorable combinations of the normal forces
and the relative rotations are listed in Table [7

Table 7: Most unfavorable combinations of the relative rotations and the normal forces of
the reinforced concrete hinges of the Huyck-bridge, taken from [20] 21]

|Apq| | Nl Vg

CH1 | 6.63mrad | 3402kN | 0.248
CH2 | 6.63mrad | 4007kN | 0.207

The design engineers faced a challenge regarding the following condition
of the guidelines of Marx and Schacht [9], 22]:

| N4l

ab <128 —MMM— .
- ’Agpd‘Ecm

(75)
Inserting the desired values of b and E.,, as well as the calculated values of
|Ng| and |Agq|, see Tables [6] and [7], delivered the condition a < 9cm. It was
concluded that this limitation of the width of the neck does not allow for the
proper monolithic production of the structure, because the concrete for the
abutments and the lower parts of the concrete hinges must pass through the
necks, before being compacted. As a remedy, the consequences resulting from
violation of the condition ([75)) were discussed and assessed very carefully by a
team of experienced bridge engineers. Finally, it was agreed to set the width
of the necks equal to 15 cm, and to accept the risk that tensile cracking of the
concrete hinges may extend beyond half of the width of the neck. This was
tolerated because of the stabilizing effect of the reinforcement running across
the neck and because of the fact that failure of the concrete hinges does not
result in the collapse of the bridge. It was also agreed that further research
is needed for a proper scientific justification of the chosen design approach.
This resulted in the first research project mentioned in the acknowledgments.

Verification of the ultimate limit states of the reinforced concrete hinges
of the Huyck-bridge is re-visited in the context of the approach developed
herein. The aforementioned values of Ny are translated into design values of
vgq according to Eq. , see the last two columns of Table m The computed
pairs of values of v; and |Agy| are labeled as circles in dimensionless design
diagrams, see Fig. Ultimate limit envelopes are added to these diagrams.
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Figure 16: Dimensionless design diagram used for verification of the ultimate limit states
of the reinforced concrete hinges of the Huyck-bridge: relative rotations as a function of
the degree of utilization of the normal force: concrete hinge (a) CH1 and (b) CH2

They are computed by means of the Egs. , , , , , and

and of the material and geometric properties of the concrete hinges,
see Table [ The design values of vy and |Apgy| turned out to be within
the ultimate limit envelopes. Thus, the ultimate limit states are verified
a posteriori. Finally, it is interesting to add graphs illustrating the violated
condition to the dimensionless diagrams of Fig. . To this end, the
“<"-sign in condition is replaced by an “="-sign, and the resulting
expression is rearranged as

| Vdl | Ff el

Apg =128 —4 =128y, L4

ab Eopy Fon (76)

see the by lines shaded areas in Fig. [16] A slight difference between the two
types of concrete hinges is observed due to the different ratios of triaxial-to-
uniaxial compressive strength, see also Tables [6] and [7]

5. Discussion

The present paper is focused on reinforced concrete hinges, transmitting
a bending moment and a normal force. According to the investigated ulti-
mate limit states of reinforced concrete hinges, the maximum compressive
normal strain of concrete and/or the maximum tensile normal strain of the
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steel rebars reach the corresponding ultimate limit strain. As regards failure,
induced by shear forces and/or yielding of the tensile splitting reinforcement
inside the adjacent members, it it is recommended to follow the guidelines of
Marx and Schacht [9], 22]. These guidelines are based on experimental obser-
vations and theoretical developments of Dix [23], Leonhardt and Reimann [6],
as well as Monnig and Netzel [24].

Noting that there is no experience concerning verification of ultimate
limit states with yielding steel rebars, it is recommended to make a conser-
vative estimation of the ductility of steel. According to the Eurocode [I]
and Eq. (52)), the most unfavorable (= smallest) value of the ultimate limit
strain of steel, ;,, amounts to 22.5 x 1073, Although this value can be
increased up to 67.5 x 1072 when investing into better steel qualities, it is
recommended to stay with the smallest value, in order to limit the crack
opening displacement inside the neck. Thus, it is recommended to set the
ultimate limit strain of steel equal to the most unfavorable value according
to European design specifications. Also in the context of the operating con-
ditions IV to VI, in which the steel of the rebars yields, it will be interesting
to extend the presented developments to crossed rebars and to account for
tension stiffening [25]. However, the typical use of concrete hinges refers to
operating conditions I to III, in which the steel of the rebars is behaving in
a linear-elastic fashion.

It is worth emphasizing that the Bernoulli-Euler hypothesis was used in
order to enable the derivation of easy-to-apply analytical formulae as the
basis for dimensionless design diagrams. The latter allow practitioners to
account, in a simple and customized fashion, for specific geometric and mate-
rial properties of reinforced concrete hinges. The Bernoulli-Euler hypothesis
could be replaced by more enhanced models for reinforced concrete beams,
but expectedly at the cost that closed-form solutions turn out of reach.

6. Conclusions

The derived analytical formulae and the corresponding dimensionless de-
sign diagrams, expressing maximum tolerable relative rotations as a function
of the normal force transmitted across reinforced concrete hinges, are useful
estimates of ultimate limit states. This was shown by means of relationships
between the normal force and the relative rotation, obtained from structural
testing of reinforced concrete hinges. 20 tests were carried out, using concrete
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hinges produced with normal-strength concrete and high-strength concrete.
In this context, the following conclusions are drawn:

e Two specimens failed. The other 18 tests were stopped before failure
was observed. In 15 tests, including the two ones where failure was ob-
served, the recommended ultimate limit envelope was surpassed. In the
other five tests, where the specimens did not fail, the residual relative
rotations were measured after complete unloading. They are rather
small. This indicates that the bearing capacities of the reinforced con-
crete hinges were far from being reached. This underlines that the
developed approach is sufficiently conservative for engineering design.

e A trade-off occurs when it comes to the selection of the strength class of
concrete. The larger the strength of concrete, the larger are the service-
ability limits described in the previous paper [5], but the smaller are the
ultimate limits described in the present companion paper. The latter
effect is related to the decrease of the ductility of concrete, associated
with an increase of the strength of the material.

The present developments can be interpreted as a two-fold extension of
the guidelines of Marx and Schacht [9, 22]. The first one refers to the toler-
ance of bending-induced tensile macrocracking beyond one half of the smallest
cross-section of the neck. This is acceptable because of the stabilizing role of
the reinforcement, which was explicitly accounted for in the underlying me-
chanical model. The second extension refers to the use of a linear-elastic and
ideally-plastic stress-strain relationship for both concrete and steel. Both ex-
tensions have turned out to be beneficial to the re-analysis of ultimate limit
states of the reinforced concrete hinges of the Huyck-bridge.

The developed design recommendations agree with the following basic
principles concerning verification of ultimate limit states according to the fib
Model Code 2010 [7] and the Eurocode [1}, 2] 3] [4]:

o Linear-elastic and ideally-plastic material behavior is assumed for con-
crete in compression and for steel in tension.

e Accepting tensile macrocracking of concrete, the compressive strains
of concrete and the tensile strains of steel must stay below the corre-
sponding ultimate limits.
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e Elastic limit strains and ultimate limit strains of concrete subjected to
triaxial compression were quantified analogous to recommendations of
the fib Model Code 2010 for reinforced concrete columns.

e The triaxial compressive strength of concrete is estimated based on
regulations of Eurocode 2 regarding partially loaded areas.

e Unfavorable choices are made when it comes to quantification of
strength values.

e Load combinations are estimated based on the regulations of the Eu-
rocode.
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