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Abstract. Two-way hinges are frequently practiced in bridge columns aiming to avoid the transfer of bending
moment to the foundation. The reduction of the concrete column section over a very small height portion is
mainly sufficient to create a hinge like behavior. Currently, ACI Code proposes an amplification factor, limited
to two, to account for the increasing of the hinge axial capacity due to the column confinement effect. The
shear capacity of two-way hinges is defined as well by the shear friction theory imposed by the code. This
paper presents a finite element analysis of two-way hinges to evaluate their behaviors. The experimental data
were taken from a recent experimental investigation of two way hinges specimens subjected to axial load only.
A numerical analysis was done using ABAQUS software. Based on the good convergence between the
numerical and experimental results, a further analysis was conducted to investigate the hinge behavior under
the simultaneous effect of axial and lateral loads. It was observed that the tri-axial stresses and confinement
provided by the larger area strengthen the throat region, and the axial capacity of the hinge is amplified by a
confinement factor equal to three. Furthermore, the confining stress produced by the column on the throat
increased the hinge shear capacity more than what the code indicates.

1. Introduction

Concrete hinges have been perfectly used in civil engineering structures for nearly 120 years. They are
used to either reduce bending moment transferred to the foundations or redistribute the forces and stresses
applied. A recent literature in bridge construction mentioned that Freyssinet and Mesnager concrete hinges
are the most developed hinges in the different types of bridge applications since the early last century [1].

Hinges are produced by different means. The reduction of the concrete column cross section over a
very small height portion is enough to create a hinge like behavior. The dowel bars are extended from the
footing into the column [2]. The stress induced by the bending moment in the smaller section leads the
structure to attain the maximum capacity quickly. Consequently, the cracks appear and the section is not
capable of sustaining further moment [3].

Two types of hinges are commonly used in bridge construction: one-way and two-way hinges. One-way
hinge transmits moment in the strong direction, whereas the moment transferred in the other direction is
practically neglected [4-6]. However, two-way hinge restricts the moment transfer in both directions, and
thereby reduce the size and cost of the foundation [7—9]. Whereas, previous studies concluded that although
the moment at the hinge was not totally neglected, it was substantially lower than the moment capacity of the
full section. Thereby, the hinge moment is required to account for in design [2].

Another advantage of using a two-way hinge is the low cost of repairing a damaged two-way hinge
compared to that of a damaged full moment connection [10].

Recent researches emphasized that hinges performed a moment-free connections while transferring
shear and axial loads, and exhibited large rotations without afflicting their performance [11-12]. Likewise, pipe
pins hinge showed well performance in transferring the shear forces to the footing through the pipes interaction
and friction [4-5, 13—-14]. The well confinement of the two-way hinge by the upper column and the lateral
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reinforcement allows the throat region to maintain large strains [15-16]. Besides, a past study demonstrated
that the compressive strength of one-way hinge was largely increased by the confinement provided by the
upper column and the lower footing surfaces [2].

However, the effect of tri-axial confinement on the two-way hinge capacity is not extensively discussed
in current codes and literature. Therefore, this paper comes to present a humerical investigation of two-way
hinges in reinforced concrete members. The experimental data were taken from a recent experimental
investigation of two-way hinges specimens subjected to axial load only [17]. A numerical analysis was done
using ABAQUS software. Following the good convergence between the numerical and experimental results,
a further analysis was conducted to investigate the hinge behavior under the combined effect of axial and
lateral loads.

The objectives of this research is to investigate the behavior and the failure modes of two-way hinges
subjected simultaneously to axial and lateral loads, as well as to understand the confinement effect imposed
by the larger concrete column area on the smaller hinge region, and ultimately to introduce a codified guideline
design method of two-way hinges in reinforced concrete structures.

2. Method
2.1.Introduction

The input data used in the numerical analysis are the experimental results performed by Chahal et al.
(2019), at Beirut Arab University, Lebanon [17]. The experimental program was composed of eighteen
1/3-scale specimens of two-way reinforced concrete hinges divided into three major series, each consisted of
six specimens as provided in Table 1. A 300 mm x 300 mm square footing was used in all cases, with 300 mm

height, reinforced by a mesh of 4¢14 in the both directions. A 70 mm x 70 mm square hinge area (An), with
30 mm thick, and reinforced by 4¢10 is used in all models as well. The area of the column (Ac) was accordingly

changed to evaluate to effect of different confinement levels. Thus, the ratio v/ Ac/ Ah ranged between 2 and
4 throughout the case. The sizes of specimens are detailed in Fig. 1. The specimens are subjected to an
increasing axial load only.
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Figure 1. Specimen detail.

Table 1. Characteristics of specimens.

Specimen
- - Square Column
Concrete Compressive Strength, f'c (MPa) . . m
22 32 40 Width ; Height Reinforcement (mm2)
(mm)
CS14-22 CS14-32 CS14-40 140 4912 2.00
CS20-22 CS20-32 CS20-40 200 4914 2.86
CS21-22 CS21-32 CS21-40 210 8¢12 3.00
CS23-22 CS23-32 CS23-40 230 8¢12 3.29
CS25-22 CS25-32 CS25-40 250 8¢12 3.57
Cs28-22 CS28-32 CS28-40 280 8¢14 4.00
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2.2.Modeling methodology

As indicated earlier, the advanced finite element software ABAQUS was used in the analysis. The
standard linear volumetric element type C3D8R with a hexahedral shape was used to model the concrete
members as illustrated in Fig. 2. This is an 8 nodded element type with a reduced integral and hourglass
control, which is the optimal mesh type to simulate the concrete members and to give the most accurate results
with the least run time [18—19]. Steel was assigned as plastic material with a strain hardening curve. As shown
in Fig. 3, the standard linear wire truss element type T3D2 was used to model the reinforcement and to prevent
any unwanted bending moments. This element type takes axial forces only.

A rigid body constrain between the top of the column and a reference point was assigned. This is to
avoid any stress concentration or singularities upon loading. A displacement controlled analysis was proposed
to determine the behavior of the cases considered. The models were analyzed using Static/Risk analysis in
ABAQUS. A uniformly increasing imposed axial displacement of 20 mm was applied. This is much greater
than the failure displacement of all cases. The corresponding reactions were then recorded and plotted.

The bottom of the footing was assigned a fixed boundary condition. It was restrained against translation
in all directions. This is to forbid the formation of bending moment which may causes tilting of the footing.
Hinged columns usually are stable in structures as they are braced by each other. To avoid such instabilities,

and to prevent the formation of bending moments on the column, the top of the column was assigned a restrain
against lateral movement.

An embedment constrain was assigned to the steel reinforced in the concrete. This constrain ensures
full bond and strain compatibility between the concrete and steel. No direct steel slippage properties were
assigned to the reinforcement or to the interface between the concrete and steel reinforcement.
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Figure 3. Steel reinforcement meshing.
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2.3.Concrete damage plasticity

Concrete damaged plasticity method (CDP) was used to model the concrete behavior. The method was
introduced on 1989 by Lubliner, and developed later on 1998 by Lee and Fenves [20—-22]. Different parameters
are used in the CDP to describe the nonlinear behavior of concrete, such as the cracking and inelastic strains,
as well as stiffness degradation and other parameters. CDP method comprises majorly two independent
behaviors in tension and compression as defined by stress strain graphs separately, Fig. 4. The concrete

inelastic strain in compression “¢"™, and the cracking strain in tension “e% are:

O
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Where “o¢” and “ot” are respectively the compressive and tensile stresses in concrete, and “Eg” is the initial
modulus of elasticity.
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Figure 4. Uniaxial behavior of concrete: (a) under compression, (b) under tension.

Further, two isotropic damage parameters “d¢” and “di” are used accordingly to describe the stiffness
degradation of concrete in compression and in tension respectively. The parameters are assigned as the
concrete is strained beyond its elastic limit. The damage parameters have a maximum value of 1, where the
material have reached full damage [23-26]. Equations 3 and 4 represents the damage parameters for
compression and tension respectively.
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Using the damage parameters, the inelastic and crack strains are then transferred into plastic strains at

in « o Pl i Py
compression gcp and tension gtp as follows:
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The parameters provided were accomplished by following up a reliable approach in the triad
“composition, structure, and properties” [27-29]. The concrete mechanical properties used in CDP are
summarized in Table 2. The steel reinforcement was modeled using the elastoplastic behavior, and the
mechanical properties of steel rebars are stated in Table 3.
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Table 2. Mechanical properties of concrete.

Parameter Unit Symbol Value
Compressive strength MPa f'c 22 32 40
Tensile strength MPa ft 2.91 351 3.92
Elastic modulus MPa Ec 22,045 26,587 29,725
Poisson’s ratio % 0.2
Density KN/m3 p 2400
Dilation angle ° W 30
Eccentricity € 0.1
Bi-axial to ug;ia(l)mal strength foolfio 116
Second stress invariant ratio K 0.667
Viscosity parameter /] 0.00001

Table 3. Mechanical properties of steel reinforcement.

Parameter Unit Symbol Value
Yield strength MPa fy 520
Ultimate strength MPa fu 624
Elastic modulus MPa Es 200,000
Poisson’s ratio % 0.3
Density KN/m? D 78.5

3. Results and Discussion
3.1.Model calibration

As mentioned earlier, the eighteen models were analyzed using ABAQUS software. An imposed
displacement of 20 mm was applied only on the top center of the column’s specimen of each model. As
indicated earlier, ACI 318-14 limits the increase in strength due to confinement up to v Ac/ Ah =2 [30]. The
column sizes were increased as much as 16 times the hinge area in order to reach double the code limitation.

Several failure modes were experienced in the hinge area. Two-way hinges with low area ratios

v Ac/ Ah = 2, mainly failed by hinge crushing as for models CS14-22, CS14-32 and CS14-40. The red
volumes seen in Fig. 5 indicates the crushed concrete elements. The crushing starts from a distance up
through the column. The stress concentrated in the failed zone and are transferred through the hinge.
Fig. 6 describes the axial stress distribution throughout the model. The hinge axial capacity is amplified due
to the confinement effect produced by the column on the throat area, even though it was not enough to
withstand the vertical stress induced.

ABAQUS references the X, Y and Z axis as 1, 2 and 3 respectively. In the pure stresses states, tensile
forces and stresses are positive while compressive forces and stresses are negative.
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Figure 5. Hinge failure of two-way hinges with low area ratios:
(a) SC14-22, (b) SC14-32, (c) SC14-40.
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Figure 6. Vertical stress of two-way hinges with low area ratios:
(a) SC14-22, (b) SC14-32, (c) SC14-40.

On the other hand, the next fifteen models with high area ratios v Ac/ Ah > 2, failed by splitting failure
above throat area. The red plan seen in Fig. 7 presents the shear failure plane, and the splitting failure above
the hinge area is provided as well. Fig. 8 clarifies the spreading of stress S22 throughout the hinge. It was
observed that the confining stress produced by the column on the throat area increased the hinge axial
capacity to become greater than what the column can withstand.
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Figure 7. Splitting failure of two-way hinges with high area ratios:
(a) SC23-22, (b) SC23-32, (c) SC23-40.
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Figure 8. Vertical stress S22 of two-way hinges with high area ratios:
(a) SC23-22, (b) SC23-32, (c) SC23-40.
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@) (b)
Figure 9. CS23-32 vertical stress S22: (a) 3-D section, (b) Planner section.

The model CS23-32, v Ac/ Ah = 3.29, was selected to illustrate the transfer of stress through the

hinge. ABAQUS references the X, Y and Z axis as 1, 2 and 3 respectively. In the pure stress states, the tensile
stress is positive however the compressive stress is negative. Fig. 9 describes the vertical stress S22
distribution through the model CS23-32. The hinge reached the ultimate axial strength at a value of 115 MPa,
which is way larger than the concrete compressive strength (32 MPa). The hinge axial capacity is amplified
up due to the confining stresses S11 and S33 imposed by the larger area surrounding the throat region. The
vertical Stress S22 in the column upper portion, where there is less confining effects is about 32 MPa. This
demonstrates the abrupt increase in the stress as it passes through the smaller throat area. The stress
concentrated at a distance approximately equal to half the width of the column.

Fig. 10 shows the lateral confining stresses S11 and S33 of CS23-32. Itis obvious that the stresses are
mainly provided at the hinge area. The maximum confining stress developed is in the range of 34 MPa, which
highly amplifies the hinge bearing capacity.

S 533
=2y 233

(Ava: 75%)

i i
(Avg: 75%)
—r +3.196e+00

-2.02%e+00

- -7.255e+00
8e+01

- - le+01
- -2.293e+01
-2.816e+01
338e+01
le+01
3e+01

-4.383
-4.906e+01
-5.429e+01 |

__L -5951e+01 |

b

@)

+2.770e+00
-2.07 18]
.914e+00
176e+01
660e+01
-2.144e+01
628e+01
.112e+01
-3.597e+01
-4.081e+01
-4.565e+01
-5.049e+01
-5.533e+01

6
1
2
st
3
4

(b)

Figure 10. CS23-32 lateral stresses: (a) stress S11, (b) stress S33.

On the other hand, consider the model CS14-32 which is a two-way hinge with a small area ratio,

~ Ac/ Ah = 2. Fig. 11 shows the distribution of vertical stress S22 through the hinge. The model reached the
ultimate axial strength at a value of 85 MPa.
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Figure 11. CS14-32 vertical stress S22: (a) 3-D section, (b) Planner section.
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The lateral confining stresses S11 and S33 of model CS14-32 are illustrated in Fig. 12. The model do
not have enough distance to reach the optimum confining levels. The stresses S11 and S33 in the throat zone

905e+01
184e+01
459e+01
2,734e+01

(b)

Figure 12. CS14-32 lateral stresses: (a) stress S11, (b) stress S33.

Fig. 13 shows a comparison between the finite element analysis and experimental results of load
displacement curves for CS14 and CS23 with the different concrete compressive strengths.

The load displacement curves due to the FEA for all cases are plotted in Fig. 14. The ABAQUS
outcomes are in a very good agreement compared with the experimental results. Although all the models failed
way before 20 mm displacement, the hinges with high area ratios exhibited ductile failure modes.
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Figure 13. FE model and experimental test of load displacement curves for CS14 and CS23:
(a) CS14-22, (b) CS23-22, (c) CS14-32, (d) CS23-32, (e) CS14-40, (f) CS23-40.
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Figure 14. Axial load-displacement curves: (a) CS-22, (b) CS-32, (c) CS-40.

Fig. 15 displays the hinge axial capacity versus the square ratio of column to hinge area ~/ Ac/ Ah.
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Figure 15. Square root of area ratio vs hinge capacity: (a) CS-22, (b) CS-32, (c) CS-40.

According to ACI Code, the hinge ultimate capacity Puin is:

Pulh =0.85f 'c(Ah— Ast)x/ Ac/ An + fyAst
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where An is the gross sectional area of the concrete hinge and Ast is the area of hinge reinforcement.

ACI code stipulates that the amplification factor “~/Ac/ Ah” is limited to two. Beyond that, the
confinement effect produced by the larger area on the throat would not effectively amplify the hinge capacity
even if the column area is increased. Following the ABAQUS results, two-way hinge capacity did not have the
same limit as the code stipulates. Obviously, the hinge capacity was amplified up by a confinement factor “CF”
equal to three (Eq. 8). Indeed, the confinement factors reached an asymptotic value equal to 3.5 as indicated
in Table 4. Despite the code recommends using the amplification factor in case the hinge is confined from
both directions, many design methods consider using the factor for one-way hinge as well.

_ Pulh — fyAst
0.85f "c(Ah— Ast)
Table 4. Hinge confinement factor (CF).

(8)

Model Ac/ An Hinge Axial Load (KN) Confinement Factor “CF”
EXxp. ABAQUS
CS14-22 2.00 346 340 2.06
CS20-22 2.86 441 406 2.83
CS21-22 3.00 448 411 2.89
CS23-22 3.29 454 435 3.17
CS25-22 3.57 458 441 3.24
CS28-22 4.00 464 451 3.36
CS14-32 2.00 423 417 2.03
CS20-32 2.86 567 530 2.94
CS21-32 3.00 572 534 2.97
CS23-32 3.29 584 563 3.20
CS25-32 3.57 590 571 3.27
CS28-32 4.00 599 578 3.32
CS14-32 2.00 491 481 2.10
CS20-32 2.86 664 615 3.21
CS21-32 3.00 671 633 3.26
CS23-32 3.29 685 662 3.35
CS25-32 3.57 691 671 3.38
CS28-32 4.00 704 679 3.47

3.2.Model analysis due to the dual effect of axial and lateral loads

The finite element calibrated and verified the experimental work. The models were further analyzed,
using ABAQUS, to investigate their behaviors under the dual effect of axial and lateral loads. Simultaneously,
an imposed vertical displacement of 10 mm was applied at the top center of the column of each model, and a
lateral displacement of 10 mm imposed at the center of the hinge thickness as well.

Several failure modes were observed. The models CS14-22, CS14-32 and CS14-40, with low area

ratios v Ac/ Ah = 2, exhibited bearing failure at the throat region. As shown in Fig. 16, the red volumes
presents the crushed concrete elements. The crushing starts from a distance up through the column. The
deformation increased and the stiffness degraded through the test. The hinge reached the ultimate axial
capacity before the shear slippage takes place. This implies that the confining stress produced by the column
on the hinge was not enough to withstand the vertical stress induced. Fig. 17 describes the axial stress
distribution of the cases mentioned. The stress concentrated but did not amplify the throat capacity. This is
probably due to the presence of the shear stress which contributes in decreasing the hinge axial capacity by
about 30~35 % as indicated next.
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Figure 16. Hinge failure of two-way hinges with low area ratios:
(a) SC14-22, (b) SC14-32, (c) SC14-40.
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Figure 17. Vertical stress of two-way hinges with low area ratios:
(a) SC14-22, (b) SC14-32, (c) SC14-40.

The models with high area ratios + Ac/ Ah > 2, failed by hinge-footing slippage interface as seen in
Fig. 18. This indicates that the shear stress is greater than the confining stress produced by the column on the
throat area. The red volume presents the concrete damage imposed by the shear slippage failure. It was
observed that the deterioration was quite substantial right after the model reached the peak shear strength.
Fig. 19 shows the stress distribution throughout the hinge. The stress concentrated and slightly amplified the
throat axial capacity. Similarly to the above mentioned, the presence of the shear stress dropped the hinge
axial capacity by about 30~35 %.

DAMAGEC DAMAGEC

(Avg: 75%

(@) (b)

Figure 18. Shear slippage failure of two-way hinges with high area ratios:
(a) SC23-22, (b) SC23-32, (c) SC23-40.
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Figure 19. Vertical stress of two-way hinges with high area ratios:
(a) SC23-22, (b) SC23-32, (c) SC23-40.

The drop of the hinge axial capacity is primarily due to the presence of the lateral shear stress which
contributes in degrading the throat stiffness. As summarized in Table 5, the confinement factor “CF” is
decreased to 1 for the hinges with low area ratios and to 1.5 for those with the high ones. Therefore, “CF” is
not practically valuable. Fig. 20 presents the axial load displacement curves performed by ABAQUS for the
different cases considered. Fig. 21 displays the hinge axial capacity versus the square root ratio of column to

hinge area v Ac/ Ah .

Table 5. Hinge axial capacity.

ABAQUS _ .
Model VAc/Ah (Axial Loadl only)  (Axial & Lateral Loads) %?23";}3 Confine (né?:';t

CS14-22 2.00 340 235 31% 0.84
CS20-22 2.86 406 281 31% 1.37
CS21-22 3.00 411 284 31% 1.41
Cs23-22 3.29 435 287 34% 1.44
CS25-22 3.57 441 291 34% 1.49
Cs28-22 4.00 451 302 33% 1.62
CS14-32 2.00 417 278 33% 0.92
CS20-32 2.86 530 341 36% 1.42
Cs21-32 3.00 534 346 35% 1.46
CS23-32 3.29 563 363 36% 1.60
CS25-32 3.57 571 370 35% 1.66
Cs28-32 4.00 578 376 35% 1.71
CS14-40 2.00 481 314 35% 0.97
CS20-40 2.86 615 413 33% 1.60
CS21-40 3.00 633 420 34% 1.65
CS23-40 3.29 662 425 36% 1.68
CS25-40 3.57 671 431 36% 1.72
CS28-40 4.00 679 438 35% 1.76
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Figure 20. Axial load-displacement curves: (a) CS-22, (b) CS-32, (c) CS-40.
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Figure 21. Square root of area ratio vs hinge capacity: (a) CS-22, (b) CS-32, (c) CS-40.

According to ACI code, the hinge nominal shear Vhn is [30-32]:

Vi = min{0.2F,A; (3.3+0.08f,) A,;11A.}
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The confining stress produced by the column on the throat area, has a great influence on the hinge
shear strength. Regardless of the level of the column/hinge area ratio, the shear capacity of two-way hinges
was five times higher than the code states, as indicated on Table 6. Fig. 22 presents the lateral load
displacement curves performed by ABAQUS for the different cases considered.

Table 6. Hinge shear strength.

Hinge Shear Strength (KN) .
Model N Increasing Rate
Ac/ An ACI Code ABAQUS g
CS14-22 2.00 22 105 4.77
CS20-22 2.86 22 117 5.32
CS21-22 3.00 22 114 5.18
CS23-22 3.29 22 116 5.27
CS25-22 3.57 22 117 5.32
CS28-22 4.00 22 117 5.32
CS14-32 2.00 29 126 4.34
CS20-32 2.86 29 137 4.72
CS21-32 3.00 29 139 4.79
CS23-32 3.29 29 138 4.76
CS25-32 3.57 29 139 4.79
CS28-32 4.00 29 140 4.83
CS14-40 2.00 32 143 4.47
CS20-40 2.86 32 163 5.09
CS21-40 3.00 32 161 5.03
CS23-40 3.29 32 162 5.06
CS25-40 3.57 32 162 5.06
CS28-40 4.00 32 163 5.09
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Figure 22. Lateral load-displacement curves:
(a) CS-22, (b) CS-32, (c) CS-40.
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4. Conclusions

This paper investigates the behavior of two-way hinges in reinforced concrete structures using the finite
element method. The main conclusions are as follows:

1. The hinges with low area ratios </ Ac/ Ah = 2, mainly failed by hinge crushing. This implies that the
confining stress produced by the column on the hinge was not enough to bear the vertical stress induced. On

the other side, the hinges with high area ratios v Ac/ Ah > 2, failed by splitting failure above throat area. This

means that the confining stress produced by the column on the hinge was greater than what the column can
withstand.

2. The hinges with high area ratios v/ Ac/ Ah > 2, exhibited ductile failure modes, noting that a large

displacement was imposed by ABAQUS prior to complete failure. The transfer of stress through the hinge
indicates that the hinges with high area ratios showed better confinement than those with low ratios.

3. Two-way hinge axial capacity did not have the same limit as the code stipulates. The capacity was
noticeably amplified up by a confinement factor “CF” equal to three.

4. Subjected to the dual effect of lateral and axial loads, two-way hinges with low area ratios

v Ac/ Ah =2, exhibited bearing failure at the hinge region. This entails that the confining stress produced by
the column on the hinge was not enough to withstand the vertical stress induced. However, the hinges with

high area ratios +Ac/ Ah > 2, failed by hinge-footing slippage interface. This indicates that the confining

stress increased the hinge bearing capacity and thereby, the hinge failed once the shear stress exceeded the
shear capacity.

5. The confining stress produced by the column on the throat area has a great influence on the hinge
shear strength. Regardless of the level of the column/hinge area ratio, the shear capacity of two-way hinges
was five times higher than what the code states.

6. The presence of the shear stress decreased the axial capacity of the hinge by about 30~35 %, and
the amplification factor due to the confinement effect was decreased to nearly 1 for the models with low area
ratios and to 1.5 for those with the high ones.
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