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Abstract. Shear keys are present in several precast elements, such as foundation sockets and beam-column
connections. In the literature, several analytical formulations are observed to predict its resistance. However, the
formulations do not consider the entire geometry of the shear keys. In this paper, numerical models in finite
elements were used with the software ABAQUS® to calibrate the shear keys tested by Zhou et al. (2005) and
Faleiros Janior (2018). The influence of the key geometry and the concrete strength was evaluated through a
parametric analysis and compared with the analytical formulations. The results showed which geometric
parameters have more influence on the strength of the keys. Furthermore, the results indicated that analytical
formulations are inappropriate for some geometries.
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1 Introduction

The constituent structural elements of precast concrete structures (CPM) are produced separately and joined to
consolidate the final geometry of the system during the assembly stage. Cast-in-place concrete (CML) can be used
to effectively transfer forces in the finished structure, where the shear stresses are transmitted through the interface
between the CPM and CML. The transmission efficiency of these stresses is given by the type of roughness present
in the interface and the slip condition at the interface. When there is a slip, the interface strength can be separated
into three parts: adhesion, friction, and mechanics. One of the ways to increase the mechanical strength of the
interface is the introduction of regular grooves on the surface of the concrete element, called shear keys [1-2].
Several structural elements in the precast concrete industry are produced with shear keys. Figure 1 shows some
applications, such as a) hollow core slabs, b) structural walls, c) precast bridge segments, and d) foundation
sockets.
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Figure 1. Structural elements with the presence of shear keys. Source: [3] PCI (2010), [4] Van Acker (2002), [5]

Smittakom (2019), [6] ABNT NBR 9062:2017

Shear keys are also used in beam-column connections, as indicated by typology 1 present in ABNT NBR
9062:2017 (Figure 2a) and Figure 2b, where two configurations of shear keys used in the column interface are
presented.
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Figure 2. Shear keys in beam-column connections in precast concrete structures. Source: [6] ABNT NBR
9062:2017

In the literature, there are two normative indications regarding the geometry of the shear keys. Figure 3a shows
the indication of ABNT NBR 9062:2017, where two semi-waves together must measure up to 10 cm, and the tooth
depth must be more than 1 cm with the inclination of the transition of the waves up to 45°. On the other hand,
Figure 3b shows the indication of Model Code (2010), differing in the depth of the key (where values from 5 mm
are allowed), the inclination angle (where suggested values up to 30°), and the projection length of the keys at the
base, which in turn must not be greater than ten times the depth.
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Figurg 3. Geometry of shear keys. Source: [6] ABNT NBR)9062:2017, [7] Model Code (2010)

According to Kaneko (1993), when the acting stress at the interface is close to the interface strength, a curvilinear
crack is visualized in the compressed surface. With the increase in the load, there is an increase in the number of
cracks until reaching the ultimate load, where there is a direct cut of the key base with the interconnection of these
cracks, as shown in Figure 4a. Aradjo (2002) highlights three types of failure: i) the base shear, as exemplified; ii)
crushing of the concrete in the compressed region, generally occurring when the base length is large about the
depth; and iii) accentuated slip between keys, generally occurring when the angulation is less than 45°, as shown
in Figure 4b. When using shear keys with grout filling (Figure 4c), it is possible to visualize the appearance of
diagonal cracks, suggesting the formation of compressive struts as a strength mechanism.
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Figure 4. Structural behawor and failure modes. Source: [8] Kaneko (1993), [2] Araujo (2002), [9] CEB FIB
(2013, apud Faleiros Jr. (2018))

1.1 Analytical models

The interface shear strength force with shear keys can be estimated using several analytical models in the literature.
Here, three semi-empirical models are presented:
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- AASHTO (1999): V=A, /6.792 x107° f_ (12+2.4660,)+0,6A, 0,
- Rombach e Specker (2004): V =0,14f, A +0,65A,,0,; A = A+ A,
- Turmo et al. (2006): V = A [f,,(0,906+0,18635,) +0,45A,,5,

Where V is the interface shear strength force; A is the total area of the base of the keys; Asm is the area of the base
of the niches; oy is the normal compressive stress to the interface; fcm is the compressive strength of concrete.

In the formulations, it is possible to visualize two strength portions, the friction portion, associated with the variable
on, and the mechanical strength portion of the keys (where o does not interfere), linked to the fom root usually
associated with the tensile strength of concrete. It is noticed that the analytical formulations disregard the geometric
aspects of the shear keys and the projection area of the keys and niches. In this same context, this paper aims to
investigate, through numerical analysis, the influence of geometry and the mechanisms involved in the interface
strength force with shear keys.

2 Reference experimental test

The influence of geometry was investigated from the experimental test performed by Faleiros Janior (2018), where
the author studied the behavior of shear keys filled with grout to simulate the configuration of a precast beam-
column connection. Figure 5a presents the geometry of the tested elements (composed of three parts), whose
geometry of the shear keys (Detail 01) was indicated by ABNT NBR 9062:2017.

Figure 5b shows the element assembled for testing, where the joint length filled with grout is 30 mm. The average
compressive strength of grout is 43.9 MPa, and that of precast concrete is 40.85 MPa. The external faces of the
side pieces were restricted by concrete blocks, causing the confinement of the experimental test. The load was
applied by force control on the upper face of the central part, and the vertical displacement was measured, as
shown in Figure 5c. The author emphasizes that the test was finalized with the appearance of vertical and diagonal
cracks, in addition to the limitation of the reaction apparatus. This way, the experimental test was completed before
the rupture.
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Figure 5. Geometry, test setup, and results. Source: [9] Faleiros Junior (2018)

3 Numerical analysis

The numerical analysis performed based on Faleiros Junior (2018) will be presented in this section. Thus, the
numerical model was calibrated, and the concrete geometry and strength were parameterized. The analyzes
reported in this paper were conducted in Abaqus®.

A 2D model representing only half of the geometry was proposed to reduce the computational cost (Figure 6a).
Figure 6b shows the mesh discretization in finite elements with an average size of 5 mm. The finite element chosen
was the CPS4R which corresponds to the two-dimensional solid element in the plane stress state with four nodes
and reduced integration. The CPS4R element has two translational degrees of freedom per node. Furthermore,
Figure 6¢ presents the boundary conditions, with the vertical displacements constrained on the lower face.

As indicated in Figure 5, horizontal displacements were restricted on the left side to simulate confinement,
according to Faleiros Junior (2018). The symmetry condition was guaranteed with the restriction to horizontal
displacements on the right side face. Finally, load application was simulated as a displacement of 1.2 mm on the
top face.

The Hard-Contact, present in Abaqus®, was defined as the contact criterion. The Hard-Contact imposes the
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following hypotheses: (i) only compression stresses are allowed; (ii) there is no penetration; (iii) surfaces can
separate after contact. For the tangential behavior, the Coulomb friction model was inserted using a friction
coefficient (u) equal to 0.72 [10].

(@ (b) O © (@

Figure 6. Finite elements model: (2) Geometry; (b) Mesh; (c) Boundary conditions; (d) Hard-contact interface

In the experimental results of Faleiros Janior (2018), only the grout was damaged. Therefore, the numerical model
adopted a linear-elastic behavior to the lateral parts, using a Young’s Modulus (Ec) of 30600 MPa. This module
was calculated by formulating the Model Code (2010) (Table 1), where fcn = 40.85 MPa. The grout behavior was
described with the Concrete Damaged Plasticity (CDP), which is a non-linear model with plasticity and damage.
The uniaxial tensile behavior was assumed to be linear until failure. Then, the ultimate tensile was calculated using
the Model Code (2010) formulation, Table 1. Finally, the Hordijk (1992) formulation with fracture energy (Gg) of
0.1 N/mm was applied. For the compression behavior, a linear response was adopted up to 40% of the maximum
stress (fon = 43.9 MPa). After 0.4f. and before the total e, a parabolic behavior was used, according to Eurocode
2 (2004) (Table 1). The post-peak behavior assumed was the formulation of Carreira and Chu (1985) with residual
stress of 5 MPa.
Table 1. Analytical formulations

Analytical Model

1/3
Model Code (2010) ¢ _ k. E, :z1500.ae[}—8) L2, =10;q, :0,8+0,2%S1,0

Young’s modulus ¢ = i
Model Code (2010) s
Tensile strength fn =031,

3 w
Hordijk (1992 W e W -
HORDUK, DirkJA. T(ensile ang tensile U‘ (W) - f[m {[14_ [Cl WJ ]e B W(l—i_ C13 )e ) }

fatigue behaviour of concrete; c c
experiments, modelling and analyses.
Heron, v. 37, n. 1, 1992.

¢,=3:¢,=6,93, w, =514G. / f
Eurocode 2 (2004) £,(%0)=0,7F. °% <28
c 2 cm -

ﬂ(gc /gcl) . ﬂ: l
_ﬂ_1+(£c/8cl)ﬂ 1-

Carreirae Chu (1985)  %¢ (&) = fen

E gC gC ’
Model Code (2010) df gl
Strain-stress equation o (&,) = .,
1+(EC, e 2}‘56

for compression

The other coefficients that define the plasticizing surface, the plastic potential, and the visco-plastic behavior are
shown in Table 2. Finally, the solution to the numerical problem was carried out using the Newton-Raphson
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method.
Table 2. CDP plastic parameters
Oby/6c0 Kc e W Y
1,16 0,667 0,1 38° 105

3.1 Calibration Results

The experimental tests by Faleiros Junior (2018) did not reach structural failure, so the maximum load was
estimated using analytical models:

- AASHTO (1999) V =589.73kN
A, =60x300x5 = 90.000 mm?
A, =40x300x4+20x300x2 = 60.000 mm? - Rombach e Specker (2004) V =553.14 kN
o, =0MPa - Turmo et al. (2006) V =540.50 kN

After the simulation, the maximum load found was 557.23 kN, which agrees with the analytical response.

Figure 7 shows the comparison between the cracking patterns. It is possible to notice a significant similarity in the
presence of shear in the keys and also the inclined cracks. From the distribution of compressive stresses, it is noted
that at the beginning of loading, there is the formation of compression struts in the corresponding keys at the same
level.
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Figure 7 - Comparison between a) experimental and b-d) numerical cracking patterns
Finally, when the load increases, there is a tendency for the strut to be formed starting from the upper key and
leaning on the lower key, as seen in Figure 7d.

3.2 Additional simulation

In order to verify the validity of the constitutive model applied, three tests based on Zhou et al. (2005) were
performed. Figure 8 presents the geometry, consisting of 3 keys. The width of the elements is 250 mm, and the
strength of the concrete was varied accordint to Table 3.

Figure 8 shows the mesh discretization (5 mm) and the boundary conditions, where confining stress of 1 MPa was
applied (Zhou et al., 2005). Figure 8 also shows the contact interface, which had the same properties as the
previously simulated model. Only the material non-linearity of the keys on the right side was considered (colored
green in Figure 8).

Figure 8 - Geometry of shear tests with keys
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As can be seen in Figure 8, the cracking pattern was similar, with shear cutting in the keys. Finally, table 3 presents
the specimen name, the concrete strength (fem), the maximum experimental load (Ve), and the maximum
numerical load (Vnum). It should be noted that the numerical model estimated the failure load with a maximum
error of 6.64%.

Table 3 - Results

Specimen name fem (MPa) Vexp (KN) Vium (KN) Vexp/Vnum Error
M1-D-K3-3 42.2 471 502.28 1.066 6.64%
M1-D-K3-2 35.2 437 452.27 1.035 3.49%
M1-D-K3-1 35.7 446 455.4 1.021 2.11%

4 Results

This evaluation aimed to estimate the impact of some parameters on the behavior of shear keys, such as joint
length, key depth, key angle, number of keys, and key base length. In addition, the strength of the concrete was
also varied, from 30, 43.9, and 50 MPa.

4.1 Length of the joint

Due to dimensional inaccuracies and location errors in the precast structural assembly, it is possible to have
clearances between a beam and column faces. Therefore, this paper evaluates the behavior of keys with different
joint lengths.

Figure 9a shows the geometry of the analyses, varying the length of the joint from 20, 30, 40, and 50 mm. Figure
9b shows the joint length and shear strength are proportional, with an average increase of 6.24% for every 10 mm.

Figure 9 — Parameterization results: (a) variation of joint length: 20, 30, 40, and 50 mm; (b) numerical result with
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Figure 10 presents that all failures have the same cracking pattern, i.e., through the shear of the keys. When
analyzing the stress distribution, it can be seen that the longer the joint length is, the better defined the connecting
strut will be.

Figure 10 - Cracking pattern and compressive stress distribution
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4.2 Depth and angle of keys

Figure 11a shows the variation in the depth of the keys (5, 10, 20, and 40 mm). Figure 11b shows the angulations
evaluated for keys: 0°, 30°, 45°, and 60°.
Figure 11 — Parameterization results: (a) variation of key depth; (b) angle variation.

In Figure 12a it is observed that the depth and strength of the keys are proportional, with an average increase of
17% for every 10 mm (excluding the 5 mm depth data). Figure 12b shows the maximum load for the angle
variation, where it was observed that the 30° angle presented a minimum strength.
The keys with a depth of 5 mm and keys with an angle of 60° presented a great slip; that is, they are less rigid.
These two solutions have angles greater than 45°, which may represent an issue.

Figure 12 - Variation of (a) key depth and (b) angle
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Figure 13 shows the cracking pattern. It is possible to notice significant damage in the central region of the joint
that grows with the depth of the key. About the angle, there is a difference in the location of the shear when the
angle is 30°.

The compressive stresses are also shown in Figure 13. The same configuration of struts is noted, except for keys
with a depth of 5 mm and an angle of 60°. In keys with a depth of 40 mm, a more defined strut for lower loads is
seen, which justifies its greater strength.

Figure 13 - Cracking pattern: variation of key depth and variation of angle
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5 Conclusions

This paper presented an alternative for the numerical reproduction of connections by shear keys.

It is known that normative codes provide analytical solutions for estimating the strength of shear bonds. However,
these solutions do not have to differentiate geometric particularities of the structural element. Thus, the solution
presented by this article has great value as it represents a generic alternative to the analysis of connections
strengths.

This study verified that the analytical formulations satisfactorily predict the ultimate load of the shear keys when
compared with the experimental results. Furthermore, the same positive conclusion was extended to the numerical
models proposed.

Numerical models also showed that the interface strength increases with the depth and length of the key base, the
joint length, and the number of keys.

Future studies intend to explore the model presented in order to analyze more complex connections with the
possibility of experimental validations.
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