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Abstract: Post-installed systems for the anchorage of safety barriers to bridge corbels are widely
used today thanks to their flexibility and easiness of installation. Because of commonly found in situ
boundary constraints, however, the design requirements for post-installed fasteners and rebars are
frequently not satisfied or only partially satisfied. This paper assesses the mechanical response of
a corbel where an innovative solution concerning the placement of post-installed reinforcement in
reinforced concrete members was suggested. With reference to the refurbishment of bridge curbs,
which usually requires concrete removal in the damaged top layers, the proposed method was based
on the introduction of additional U-shaped post-installed rebars connecting the existing portion of the
corbel to the newly cast top layer, in order to allow the transfer of the tension pull-out force exerted
by the posts restraining the safety barrier. The layout investigated in this paper consisted of three
anchors connecting the baseplate of the post supporting the safety barrier to the corbel (a layout
commonly found in Italy). These anchors transfer the external actions (bending moment and shear)
to the corbel thanks to the formation of a strut-and-tie system where the U-shaped rebars and the
existing reinforcement play a crucial role. A strut-and-tie model of the corbel was presented to allow
the use of a simplified approach to assess the safety of the corbel. The tests on real-scale specimens
were also modeled numerically and additional models were considered to evaluate the effect of
characteristics parameters (i.e., size of the corbel, existing shear reinforcement, etc.) on the overall
response of the corbel.

Keywords: post-installed bonded anchors; concrete corbel; bridge deck; safety barrier anchoring;
strut-and-tie model

1. Introduction

The refurbishment of existing infrastructures is becoming very important due to their aging or
lack of maintenance [1-4]. A common problem of existing bridges is the installation or substitution of
safety barriers that must be replaced due to their aging or increased demand [5-7]. The substitution of
safety barriers is usually associated with the partial reconstruction of the upper part of the concrete
curb and the addition of post-installed reinforcing or anchoring bonded systems.

In the last decades, these types of connections have been largely used thanks to their flexibility
and to their wide range of applications. Several researchers investigated the limits of the field of
application (exploiting the performances in low- and high-strength concrete [8-11] and the reliability
of these systems [12-16]).

Quite frequently, however, this affordable connection does not satisfy code requirements for the
design of connectors considered as overlapped reinforcing bars (according to [16,17]) or as post-installed
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anchors (according to [18,19]). The main challenges are the reduced thickness of the concrete corbel,
which often does not guarantee enough bonded length, and the limited edge distance, preventing the
development of the full concrete capacity according to anchor theory [20-22].

Nevertheless, the use of post-installed bonded anchors is very attractive due to their high versatility
and strength [23]. This study considered a new solution presented in [6] that meets the common
refurbishment practice requirements in Italy (with slight modifications) and is based on the removal
and rebuilding of the damaged top concrete layer of the curb. The novelty consists in the installation
of additional U-shaped post-installed bonded rebars (with a prescribed spacing along the whole
corbel length) before the new, top, concrete layer is cast. The safety barriers are then installed into
the new reinforced curb via three post-installed bonded bars (according to one of the most typical
layouts adopted in Italy). The adoption of this layout represents the minimum viable solution for the
application investigated in this study and that the use of a larger number of anchors, while affecting
the design parameters, would not hinder the applicability of the proposed model. To evaluate the
influence of the U-shaped rebars in the connection system, three full scale specimens were tested.

Cattaneo, S et al. state that the transfer mechanism of the forces from the tensioned bars to the
U-shaped rebars and their anchorage into the bridge deck was studied via a 3D strut-and-tie model
and validated with numerical analyses [6]. This study considered the same geometry but was focused
on the corbel behavior. The aim of the paper was to propose an analytical, simplified formulation that
allows designers to verify the concrete corbel. This formulation derived from a strut-and-tie model,
in which the geometry was defined on the basis of a finite element model (FEM) [24-26] considering a
different specimen geometry.

2. Experimental Research

The experimental research presented by Cattaneo, S et al. [6] is here recalled and summarized.
Three identical specimens composed of a reinforced concrete slab having dimensions 180 x 100 X 20 cm
with a 50 X 100 X 20 cm curb placed on top were tested. The reinforcement in the curb region was selected
to satisfy the minimum reinforcement condition for Italian bridge corbels, while the reinforcement in
the remaining portion of the slab was designed to avoid any possible premature failure during the
test. The specimens were cast in two steps using C20/25 concrete (CEMII/A L 32.5 R with a dosage of
310 kg/m3 and a water/cement ratio of 0.55 [27]) and B450C reinforcing bars. The slab was cast first,
and, after 28 days, three ¢ 12 U-shaped B450C rebars (Figure 1a) were post-installed with an epoxy
injection mortar having a characteristic bond strength of 14 MPa ([28], uncracked concrete conditions).
After 24 h, the curb was cast above the slab and, after an additional 28 days, three threaded bars of
M20 [28] were post-installed in the slab through the curb (Figure 1b).

The load was applied using a hydraulic jack located at a height of 100 cm from the steel plate.
The specimen was supported in the middle of the slab and vertically restrained at a distance of 50 cm
from the support. An additional horizontal restraint was placed in front of the specimen to avoid
sliding. A sketch of the system is shown in Figure 1c.

The load protocol consisted of: (1) Three loading cycles from 0 to 38 kN, (2) an increase in load up
to 51 kN to check the crack pattern (load held for 2-3 min), (3) an increase in load up to 65 kN for tests
1 and 2 and up to 84 kN for test 3, and (4) unloading.

The load of 51 kN was chosen, as ultimate limit state load, in accordance with common practice of
design in Italy for safety barriers’ class H4 BP (edge bridge). It is worth mentioning that for accidental
actions the partial safety factor is 1 for both materials and actions [29].

The displacements of the three post-installed anchors, the horizontal displacements at the bottom
and at the top of the curb, and the sliding displacement of the specimen were measured via Linear
Variable Differential Transformers (LVDTs) (tolerance + 0.2%).

All specimens behaved in a similar way and no failure was observed. At a load level of about
47 kN, two cracks (one for each lateral side) were detected at the corner between the slab and the curb
(Figure 2a,b. In specimens 2 and 3, at a load of about 65-68 kIN, some cracks were observed originating
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from the bar close to the edge and developing continuously up to the reached maximum load (about

84 kN) (Figure 2c). To avoid damage in the testing system, the test was stopped at a load level of
84.07 kN.
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Figure 1. (a) U-shaped rebar installation, (b) bar installation, (c) test setup (measures in mm).

(©)

Figure 2. Cracks at the corner between curb and slab (a) and (b) crack close to the edge (c).

3. Discussion

Figure 3 shows the free body diagram of the concrete curb. The tensile force (T) acting on the bars
is transferred from the bars to the U-shaped rebars by a 3D strut-and tie mechanism (red area of Figure 3,
as explained by Cattaneo, S et al. [6]), while the U-shaped rebars are anchored to the concrete slab (light
blue area). In the previous study [6], the overall behavior of the structure (considering the steel plate,
the corbel, and the bridge deck) was not evaluated, while the verification of the corbel must account
for the effect of the compressive (dark blue) and shear (green) stress fields in the concrete element.
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Figure 3. Sketch of the structure.

The geometry of the structure under investigation shows that the curb can be regarded as a
D-region according to the definition of the Building Code Requirements for Structural Concrete
ACI318-Appendix A [18], where there is a complex mechanism of stress diffusion inside the concrete.
In this part of the structure, the assumptions of the beam model are no longer valid and can be used
only to evaluate the bridge deck effect on the corbel. In this way, it is possible to isolate the portion
of the structure under investigation by substituting the steel column and the bridge deck with their
acting external forces (Figure 4, C and T compressive and tensile forces and V shear force). The easiest
way to model the structural behavior of the D-regions is the strut-and-tie modeling [24-26,30].

Figure 4. Sketch of the curb, vertical section.
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3.1. Strut-and-Tie Model

In this case, a 2D strut-and-tie model (Figure 5) was developed to catch the overall behavior
(the structural response described with the parameters listed in Table 1). The model (Figure 5) can
be described as follows: The compressive force transferred by the steel baseplate was first deviated
toward the horizontal direction by the corbel’s stirrups acting in tension. This force was equilibrated by
the tension in the vertical branch of the stirrups themselves and by another concrete strut converging
to the node (C) formed by the anchor and the upper (flexural) reinforcements of the deck (or slab).

- Tr
| L. Vv My
R B -2
Figure 5. Scheme of the 2D strut-and-tie model, geometrical quantities, and nodes.
Table 1. Components of the strut-and-tie model of the corbel.
Geometry Actions/Forces Design
Z,Z3,h1, Heorbel, Heck (see Figure 5) T, VEd, MEq
Area of stirrups within 2 steel
=Z—h- =TI late width
Z1 =2~ tan(01) B = @ D o)
r= Jya
Steel area at the top of the deck
s concrete cover H = Fisen(61) + Vg4 A= I
s fyd
S1 =sPaci11g between U—shaped rebars H Area of concrete under tension
S, =spacing between the vertical branches of F= os(0) Ac = 35,25, > L
the U-shaped rebars ! = foa
X (see Figure 5)—determined as the half of
the neutral axis at the ultimate limit state of H, = Fsen(0)
the slab with a width B = 35;
P = Heury + Haeck — s —h1 = X = Z- tan(63) C = o
61=100 Ty:C-i-VEd
h — C
0 = arctg(7) b = oy
__ Ficos(61)
b= sen(6,)
_ =
02 = WCtg(Z_l) Fysen(6,) — Fzsen(63)

P

03 = arctg(%)

The compressive strut under the compressed portion of the steel plate was further deviated by
the presence of the upper reinforcement of the deck, the tensioned anchor, and the vertical branch of
the corbel stirrups (Node C- E -F).

As shown in Figure 5, equilibrium conditions must be fulfilled for six nodes (A-F):

e The node located close to the external edge of the concrete element under the compressed part of
the plate (A). In this node, three elements of the model are converging: Two struts in compression
and the top reinforcement of the curb in tension.
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e  The node located at the internal upper corner of the curb (B): Here the stirrups are bent at 90° and
the two ties, which represent the vertical and horizontal branches of the stirrups, are equilibrated
by an inclined concrete strut.

e  The node between the two struts in compression deviated by the effect of the tensile force in the
upper reinforcement of the deck slab (C).

e Thenode (D), placed where the compressed concrete strut coming from node B is equilibrated by
the difference in vertical tension in the bar and the difference in horizontal tension in the upper
reinforcement of the deck.

e The node (E), placed at the bottom of the bar where the tension in the bar contributes to the
deviation of the compressive force in the concrete struts.

e Thenode (F), placed where the vertical branch of the corbel stirrups meets the two compressed
struts coming, respectively, from node E and from the compressed lower chord of the deck.

Table 1 describes the procedure to evaluate the main quantities of the strut-and-tie model.
In particular, for the given geometry, the designer should verify the resistance of the minimum
reinforcement present in the structure (Table 1, column “Design”) and the moment, M;, acting on the
bridge cantilever (that should be lower than the design moment, Mgq).

H
My = M+ V(Hogr + =% - ) < My )

The model is based on equilibrium conditions and is, therefore, frequently suggested by design
code because it is always on the safe side, being founded on the limit lower bound theory of plasticity.
Nevertheless, some conditions (i.e., z; < 0 or p < 0) lead to meaningless solutions. In addition, angles
between struts and ties must be higher than 25°, according to ACI approach [18].

Furthermore, in the above computations [6], it was implicitly assumed that the system is able
to transfer the applied shear force to the deck (or slab). A simple design verification is suggested to
verify this assumption. Moreover, it is advisable to provide a slotted hole (for the front bar) in the
steel plate to transfer the entire shear load to the rear anchors. In turn, the load transfer mechanism
of the two rear anchors to the bottom of the slab can be verified following the cold-joint interface
provisions of Eurocode 2 [17] and Model Code for Concrete Structures [31]. It could be expected that a
verification in accordance with the latter provisions would be satisfied considering only the dowel
action contribution of the anchors to the overall resistance across the interface.

3.2. Numerical Analyses

A finite element model was developed within the software MIDAS FEA [32] to analyze the corbel
behavior to conduct a structural analysis and compare the numerical prediction with the experimental
evidence in terms of load-displacement curves.

The concrete mechanical properties were chosen in accordance with Eurocode 2 [17] for a concrete
class C20/25 (elastic modulus E. = 30 GPa, average compressive strength f.;, = 28 MPa) and the steel
was assumed to behave elastically (elastic modulus Es = 200 GPa).

The tensile behavior of the concrete was modeled using a linear total strain crack law [32]
characterized by a tensile strength f; = 2.2 MPa and a fracture energy G¢ = 73 fo,*1® = 132 N/m.
Following the classical assumption of reinforced concrete structures, a perfect bond between steel and
concrete interface was assumed.

The maximum element mesh size of the model ranged between 10 mm for the concrete elements
close to the bars (which were modeled using steel beam elements of equivalent size) and 50 mm
for the elements far from the bars. These dimensions were selected after completion of a mesh-size
sensitivity analysis.

The geometry of the corbel presents a cold joint between the upper face of the slab and the lower
face of the curb, where the safety barrier is anchored. The bars, as well as the U-shaped rebars, pass
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through this cold joint. This joint was modeled as a thin layer of concrete elements (about 1 cm in size)
with a reduced tensile strength (1.2 MPa [33]) compared to the typical 2.2 MPa of C20/25 concrete.

The ordinary reinforcement located in the slab was modeled with 1D reinforcement elements of
B450C steel while, to model the possibility of the plate to uplift at the interface between the steel plate
and concrete, 2D elements were selected.

To compare the numerical and experimental results, the constraints adopted in the test setup were
introduced and the load was increased up to 84 kN (maximum load applied). The complete geometry
of the FEM is shown in Figure 6a—e.

To validate the model, the experimental and numerical results were compared in terms of the
displacements of five control points monitored with LVDTs (vertical displacements of the heads of the
three bars) and the horizontal sliding of the upper part of the corbel measured on its top and bottom
edges (Figure 6e).

© IR @

(e)

Figure 6. FEM (finite element model) of the tested specimen (a) model, (b) load and boundary
conditions, (c) reinforcement layout, (d) anchorage system, and (e) displacement control points.

The comparison between experimental (dashed line) and numerical (continuous line) displacements
is shown in Figure 7. As it can be seen, the results are in good agreement (load average difference
below 5%). Considering the control points of the bars (Arrows 1-3, Figure 6e), it can be observed that
the calculation ended close to the displacements experimentally detected. As the aim of the Finite
Element Model (FEM) was the identification of the load path required to identify the consequent
strut-and-tie model, the analyses were focused only on the nonlinear behavior up to the maximum
applied load. In order to determine the ascending branch of the load-displacement curves, load
controlled nonlinear analyses were conducted up to the predefined value of 84 kN. Displacement-driven
nonlinear analyses could also be used to describe the post-peak behavior, with the consequent big
effort in terms of computational cost due to the difficulties of solving the numerical instabilities related
to softening, without any control on the results owing to the post-peak behavior being monitored
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during tests. As well, the unloading phase of the specimen, represented by the descending branches in
the experimental curves in Figure 7, was not simulated.

o
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Figure 7. Experimental (dashed) vs. numerical (continuous) displacements.

On the basis of the comparison between experimental and numerical data, it can be concluded

that the model is able to represent the actual behavior of the tested specimen; therefore, it is possible to
analyze the internal stress field to identify the load paths.

Figures 8 and 9 show the results obtained for an applied force of 51 kN (ultimate limit state
condition). The upper part of the 3D strut-and-tie model can be confirmed by the typical cone-shaped
crack pattern triggered by the load transfer mechanism from bars to the U-shaped rebars, as already
discussed by Cattaneo, S et al. [6]. The highest tensile stresses were reached close to the corbel-deck
connection and the ordinary reinforcement was mainly stressed in bending along the deck (under

constant bending moment, M, up to the first vertical support), while the stirrups under the steel plate
were stressed due to the shear force.
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Figure 8. Crack pattern from different views.
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Figure 9. Distribution of stresses in the ordinary reinforcement.

Figure 10 shows the principal compression stresses (P3) in a cross-section of the system, chosen
as the one cutting the two vertical threaded bars parallel to the applied load. This figure allows a
better understanding of the stresses’ direction to validate the strut-and-tie model, especially its lower
part. In Figure 10, to highlight the gradient of stresses, the scale of the colors has been modified.
The red color represents tensile regions, with P3 = 0, while the blue portion has principal compression
stresses higher than 7 MPa. Figure 10 shows that the flow of compression stresses undergoes two
main deviations in regions C and E. By means of equilibrium considerations, to obtain such deviations,
additional forces are needed in regions C and E. For region C, the necessary contribution is given by
the upper reinforcement of the slab, while for region E, the reading is less defined due to the presence
of several elements (bars, U-shaped rebars, stirrups, tensile strength of the concrete, etc.), which can
affect the structural response.

Figure 10. Distribution of principal compression stresses in the considered section.

To verify the applicability of the results, a parametric analysis was conducted considering different
boundary conditions, geometries, and mechanical properties. On the basis of the most relevant actual
cases, the following most significant analyses are reported:

e Model with actual constraints: Substituting the two supports used to simulate the experimental
tests (Figure 6b) with a clamped edge that simulates the real bridge situation. This model showed
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that the stress field around the anchorage group was not affected by these different boundary
conditions (Figure 11).

e  Model with dense stirrups to verify if a lower spacing of the stirrups of the corbel affects the
stress field. The spacing of the stirrups in the curb was chosen, according to the common practice
considering the low reinforcement case (200 mm), while in this model the spacing was reduced to
100 mm, providing twice the area of stirrups. Consequently, only a limited decrease in the average
stress of the stirrups was observed (of about 23%, Figure 12) but the overall stress distribution
within the corbel did not change (Figure 13c).

e No U-shaped rebars model: The U-shaped rebars were removed and the anchoring bars in tension
were shortened up to the cold joint to evaluate if the presence of the U-shaped rebars and the
bars in the region E (Figure 10) had an influence on the deviation of the stress field. This solution
obviously is not feasible because, in this case, the tension load cannot be properly transferred to
the concrete of the underneath slab (Figure 13d).

Figure 11. Actual constraints of the system and principal stresses of compression.
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Figure 12. Stresses in the upper portion of corbel stirrups, spacing 200 mm vs. 100 mm.
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Figure 13. Summary of results of the analyzed models in terms of stress distribution.

The comparison of the stress fields resulting from the numerical analyses, with respect to the
reference one, is shown in Figure 13. Although some slight effects due to bonding are present,
no appreciable changes can be observed. It is interesting to observe that the tensile stresses in the
transition region between deck and curb were unchanged. Thus, these stresses are not related to
splitting forces generated by the U-shaped rebars. The transfer mechanism of the tension load
follows always the “cone” path and the compression under the plate close to edge has, in all cases,
the same inclination.

According to the numerical models (Figure 13), it appears that the steel elements inside the corbel
did not play a substantial role in deviating the compressive stress field of the region E (Figure 10), as it
is shown in Figure 13a,b, compared to Figure 13¢c,d. Therefore, the concrete played a major role in the
corbel response. In the next models, the geometry and the properties of the concrete were modified to
look at their influences on the stress field.

e  Short-corbel and long-corbel models, which are considered as possible geometry in practical
applications. In these two models the geometry of the corbel was modified by decreasing the
height of the curb from 40 cm to 35 cm (short-corbel model, Figure 13f) and by increasing the length
of the curb from 50 cm to 70 cm (long-corbel model, Figure 13e). The comparison of the principal
stress in compression fields (Figure 13e,f) allowed us to remark that, even if some modifications in
the stresses occurred, the main flow of compression stresses remained substantially unchanged in
terms of starting and ending points (Figure 10, points C and E) while changing the geometry of
the curb.

e No-tension constitutive model (introduced in the 1960s by Zienkiewicz et al. [34]): With the
assumption of “no-tension material”, the concrete is considered without any tensile strength. This
model can help to understand the implications of the usual hypothesis of no-tension material and
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what is the role of concrete in this case. The stress fields for the same section passing through
the two bars, and for the section passing through the central, U-shaped rebar, are represented in
Figure 13g/h, respectively. In this case the stress field was strongly influenced by the anchorage
system since concrete could no longer bear tensile stresses. By comparing this model (Figure 13g,h)
with the previous ones (Figure 13a—f), it can be observed that the deviation of the stresses in region
E was due to the tensile strength of concrete. This model (Figure 13g,h) highlighted the main
role of the concrete tensile strength, usually not considered in the design phase. In defining the
strut-and-tie model, this contribution cannot be disregarded when dealing with nodal equilibrium.
In addition, the no-tension model did not highlight the stress concentration in the corbel/deck
transition section, which appeared as the highly stressed section in other models and where cracks
appeared during the experimental tests (Figure 2).

4. Conclusions

Safety barriers are usually installed on bridge corbels with a system composed of three
post-installed anchors, which is not verified when anchor design provisions are applied. To overcome
this problem a new solution with the addition of U-shaped rebars was proposed. This improved
connection showed an excellent structural response from experimental point of view and, in addition,
was supported by theoretical and numerical analyses. Indeed, with the strut-and-tie model it is possible
to evaluate the overall behavior of the corbel and it allows the designer to check quickly whether the
reinforcement in the structure is sufficient to carry the external loads or not.

The numerical analyses investigated several parameters to validate the applicability of the
strut-and-tie model and showed the global behavior of the concrete member: A dense reinforcement
and/or limited variations in the corbel geometry (height or length of the corbel) did not affect the
stress field.

The numerical models in which the tensile strength of the concrete was neglected did not meet
experimental evidence. Indeed, high stresses’ concentration close to the corbel/deck connection was
observed, suggesting that the tensile strength of the concrete plays a crucial role in this type of element
and cannot be neglected in a numerical simulation.
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