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Numerical studies of the resistance of concrete keyed joints with rectangular keys
in reinforced concrete structures

Abstract. Numerical investigations were carried out on the behavior of keyed joints with rectangular keys in reinforced concrete
elements under different failure mechanisms. A two-dimensional nonlinear model was developed in Simulia Abaqus with the
concrete damage plasticity approach, accounting for material nonlinearity and contact interaction between joint components.
Various failure modes were received, including through-crack formation, key tearing-off, shear failure, and bearing surface
crushing. It was investigated how the tensile and compressive strength parameters of concrete affect the bearing capacity of a
concrete joint under different types of failure. The specifics of modeling such problems in Simulia Abaqus and the problems of

solution convergence were studied.
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Introduction.

Keyed joints of reinforced concrete elements are
used in various structural systems to ensure the
composite action of slabs, beams, columns, shear walls,
etc. Despite the uniform principle of load transfer
through the keyed joint, its configuration may vary
significantly, leading to different failure modes.

The stress state of keyed joint material is
characterized by a complex stress distribution pattern
due to the specific geometry of the key, particular
boundary conditions, nonlinear behavior of concrete in
the pre-failure stage, and nonlinearity of contact
conditions. Consequently, such joints are difficult to
analyze using analytical methods or require significant
simplifications of the failure mechanism, which
necessitates validation through experimental testing.

An alternative approach to studying the bearing
capacity of keyed joints is the use of the finite element
method, which allows obtaining a detailed stress and
strain distribution pattern while accounting for the
geometric parameters of the joint, nonlinear material
behavior, and contact interaction features with the
connected elements.

Failure of keyed joints can occur according to
different mechanisms [1] depending on geometric
parameters, confinement, and reinforcement. Different

failure modes require different methods for
determining the ultimate load capacity of the joint. The
accuracy of such methods is often limited by significant
simplifications — for example, assumptions of uniform
stress distribution or predetermined failure surface
geometry [2]. However, the conditions of composite
action between the joint concrete and connected
elements, presence of cracks, and stress concentrations
considerably complicate the analytical description of
the stress-strain state.

At the same time, relatively few studies have
addressed the computer modeling of keyed joints in
reinforced concrete elements. Among these are works
[3-7] that investigate the stress-strain state of keys, their
load-bearing capacity, and provide comparisons with
experimental test results.

Problem statement.

This study aims to analyze the stress-strain state and
load-bearing capacity of reinforced concrete keyed
joints, accounting for their geometry, concrete
deformation properties, and load transfer mechanisms
between joint components. This will allow for
investigating the conditions leading to various failure
modes and optimizing the design solutions for such
structural elements.
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Main material and results.
Keyed joints in reinforced concrete elements
exhibit several possible failure modes, the main ones

joint failure tearing-off

being: joint failure with crack formation between
opposite key corners, tearing-off failure, key shear, and
crushing under bearing surfaces (Fig. 1).

key shear crushing

S~

1 1

Figure 1 — Failure modes of keyed joints

This study investigates the behavior of a keyed joint
with a single rectangular key using the Simulia Abaqus
software, which enables modeling of nonlinear
problems, including material nonlinearity, tensile
behavior of concrete, and contact surface interactions.

Simulia Abaqus provides the capability to model
the stress-strain behavior of reinforced concrete
structures through the smeared crack concrete model,
brittle crack model, and concrete damage plasticity
(CDP) model. In this study, the latter was chosen as it
provides the most comprehensive description of
concrete behavior under tension and compression,
including static and cyclic loading.

The general model parameters were adopted
according to the recommendations in [8], specifically:
dilation angle of 36°, eccentricity of 0.1, viscosity
parameter of 107°, and ratio of biaxial to uniaxial
compressive strength of 1.16. The stress-strain
relationships in compression and tension were adopted
according to FEurocode [9] recommendations,
accounting for nonlinearity and the descending branch
of the diagram.

Considering the interaction features of keyed joint
elements in building structures, where the stress state of
the joint material approaches plane stress conditions, a
two-dimensional analysis was adopted, which
significantly ~ simplifies modeling and  result
interpretation.

The key concrete typically has lower properties
compared to the concrete of the connected elements;
therefore, failure is expected to occur in the key
material. Nevertheless, it is advisable to include in the
finite element model a portion of the connected element
material that interacts with the key material, as the
stiffness of these elements can affect the overall stress-
strain state of the joint.

The interaction between the key surfaces and the
connected elements was modeled in both normal (hard
contact) and tangential (with a friction coefficient
of 0.7)  directions, which  ensures realistic
representation of contact surface interaction. Contact
settings were configured to allow free separation, thus
excluding the possibility of tensile stress between
contact surfaces.

The model employed plane finite elements of type
CPS3. A preliminary mesh sensitivity analysis was
conducted, confirming result convergence with a mesh
density of 8-10 finite elements per unit length of the
characteristic dimension. The analysis was performed
using Dynamic Explicit solver with geometric
nonlinearity enabled and automatic time stepping.

The model dimensions and boundary conditions are
shown in Fig. 2. The dimensions were selected to match
those from experimental studies [1]. Boundary
conditions were defined exclusively as kinematic
constraints, including at the loading area where load
was applied through controlled displacement. This
allows more accurate capture of the peak load and
obtaining the complete load-displacement curve
including the softening branch.

1=20...100 mm
h=150...100 mm
t=50...200 mm Y

Figure 2 - Model geometry
and boundary conditions

The baseline properties of the key concrete were
adopted from experimental fiber-reinforced concrete
specimens [1], specifically:

— compressive strength f, = 12MPa,;
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— tensile strength f., = 1.48MPa, which is close
to the Eurocode [9] recommended value of f,, = 0.3 *
f0-667 = 1.57MPa;

— the fracture energy Gy was varied over a wide
range, as different sources provide different
recommendations for this parameter. The most used is
the empirical formula G, = 73£>'®, recommended in
[10]. Earlier CEB-FIP 1993 recommendations [11]
provide the relationship G = (25...58) * (0.1f.)%7
depending on aggregate size. Moreover, the values
obtained from these relationships differ by more than a
factor of two. It should be noted that for fiber-
reinforced concrete, this parameter can be significantly
higher due to the relatively high tensile deformability
of fibers during crack formation, since the fracture
energy Gf generally depends on both the tensile
strength and deformability of concrete (i.e., the length
of the concrete tensile stress-strain curve).

As preliminary results showed, with baseline model
settings the load-displacement curve exhibits
oscillations in most cases (Fig. 3), which can be
overcome by artificially adding viscosity parameters to
the model. However, the linear and quadratic viscosity
coefficients of 0.06 and 1.2, respectively,
recommended in many studies [9,13,14,15], do not
resolve the oscillation problem (Fig. 3a). Smooth load-
displacement curves (Fig. 3b) were achieved only by
increasing these coefficients by a factor of 10...20. This
also significantly affects the peak load value.

b c)bl=1,0b2=20
a) b1 =0.06,

h2=1.2 \

(default)

b) bl = 0.2,

Figure 3 — Load-displacement curves for different
viscosity parameter settings

In addition to the factors mentioned above, friction
between the contact surfaces of the key and the
connected elements can play an important role in the
behavior of a keyed joint. Accounting for friction
makes it possible to more accurately reproduce the
actual performance of the joint, affects the shape of the
load—displacement curve, and can significantly change
(usually reduce) the convergence of the numerical
analysis. The presence of friction forces partially
redistributes the load, slows down deformation, and
increases the load-carrying capacity of the structure.
These effects arise due to the transfer of tangential
forces both on the “working” faces and on the side faces
of the key. This is especially pronounced at the initial
stages of loading, when the contact surfaces have not
yet undergone significant plastic strains and retain a
relatively high coefficient of friction.

In order to quantitatively analyze the influence of
surface friction forces on the load-carrying capacity of

the structure, numerical simulations of the key
resistance were performed with friction taken into
account using the Coulomb friction model, in which the
friction force is proportional to the normal contact
force. In the study, calculations were carried out for
various values of the coefficient of friction in the range
from 0 to 1. The results showed a significant influence
(up to 226%) of this parameter both on the deformation
curve and on the maximum load value (Fig. 4).
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Figure 4 — Load-displacement curves for different
friction ratio

In addition to friction, the work of a keyed joint can
also be affected by adhesion between the contact
surfaces of concrete, which is due to the adhesion of
cement stone, micro-engagement of irregularities and
the presence of chemical and physical bonds in the
surface layer. Adhesion forces appear mainly at the
initial stages of loading and contribute to the
transmission of tangential forces even in the absence of
noticeable normal pressure, increasing the initial
stiffness of the joint. With increasing load and the
development of microcracks, the adhesive bond
gradually collapses, and the further work of the contact
is determined mainly by friction and crushing of
concrete. In these numerical simulations, the effect of
adhesion was not taken into account, however, in
subsequent studies it is advisable to consider adhesion
as an additional factor that can affect the bearing
capacity of a keyed joint.

Investigation of concrete joint behavior for different
dimensions indicates various possible failure modes.
The failure pattern is optimally assessed through visual
analysis of tensile plastic strain distribution at highly
magnified displacements. Different failure modes are
shown in Fig. 5.

The first failure mode is characterized by tensile
plastic strain development between opposite key
corners, which exceeds strains in other parts by several
times (Fig. 5a). Different sizes of the joint width and
the height of the key give different values of the length
of such a crack and its angle of inclination. But in many
tested cases this crack always remained close to
rectilinear and was located between the opposite
corners of the keys. As the load increases, plastic strains
begin to develop from the corners of the keys and
spread into the body of the joint.
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In key tearing-off failure (Fig. 5b), similar plastic
strains develop but do not extend across the entire joint
body, instead localizing near the key. This failure type
occurs at higher key length-to-height ratios.

When the bearing surface area is insufficient,
crushing occurs, accompanied by high stresses due to
inadequate load transfer area (Fig. 5¢).

Key shear failure (Fig. 5d) occurs when the key

| =30 mm
h =100 mm
t=100 mm

cross-sectional area is insufficient while the key length
is relatively small. In this case, plastic strains of
concrete does not propagate into the joint interior but
remains concentrated at the key-joint interface cross-
section. As the load increases, plastic strains develop
from the load corner of the keys to another corner
almost along a straight trajectory.

N

| =50 mm
h =40 mm
b) t=100 mm

t=150 mm

Figure 5 — Failure modes of keyed joints:
(a) crack formation between opposite key corners; (b) key tearing-off;
(c) key surface crushing; (d) key shear

Fundamentally different failure mechanisms use
concrete mechanical properties differently. It is evident
that bearing surface crushing is governed by concrete
compressive strength, while for the other failure modes
tensile strength is the more critical parameter.

For instance, when concrete compressive strength
fo is increased by 50% (with all other parameters
unchanged), the joint load-bearing capacity increases
by only 3% for through-crack failure, by 7% for
tearing-off and shear, but by 30% for crushing. Thus,
increasing the concrete grade, which primarily raises
compressive strength, is effective mainly for cases
where bearing surface crushing is more likely.

Increasing concrete tensile strength (with strain
values unchanged) leads to proportional increase in
fracture energy, so these parameters were varied
simultaneously in the study. Their 50% increase
resulted in 35-40% higher load-bearing capacity for
different joint widths in the case of joint failure
(Fig. 5a). However, for key tearing-off failure (Fig. 5b),
the corresponding increase was only 13%.

Concretes  with  crack-resistance  enhancing
inclusions  (fiber-reinforced  concretes)  have

significantly higher fracture energy due to increased
ultimate strains, although this may not be accompanied
by substantial tensile strength increase. Therefore, a
more detailed investigation of fracture energy G
influence within the range of 40-120 J/m*> was
conducted, showing 20-25% load-bearing capacity
increase only for joint failure and only when G
increased from 40 to 60 J/m2. Further increase of this
parameter to 120 J/m? did not result in significant
capacity changes but only extended the deformation
zone at peak load.

Conclusions.

Numerical investigations have shown that,
depending on the joint failure mechanism, concrete
tensile and compressive strengths affect the load-
bearing capacity of reinforced concrete joints
differently. Different key geometric parameters govern
different failure modes. The results emphasize the
necessity of detailed consideration of concrete
properties and convergence control for reliable
modeling of keyed joint resistance in reinforced
concrete elements.
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UncenbHi pocnigpkeHHs oropy 6e TOHHMX LUMOHKOBUX 3'€QHaHb 3 MPSIMOKYTHUMU
LUMOHKaMM Y 3ani306e TOHHUX KOHCTPYKLLISIX

AnHoTaLjf. AKTYanbHAM MUTaHHS PO3paxyHKY eNleMeHTiB ByaiBenbHUX KOHCTPYKLIM 3aNMLWAETbCS BUSHAYEHHS! HECYYol 30aTHOCTI
3'eiHaHb, Y TOMy YMCTIi. BETOHHMX LUMOHKOBMX 3'€AHaHb Y 3ai306eTOHHMX KOHCTPYKLIiSIX. HeaBaxkatoum Ha eOuHMIA NpUHLWN Nepepavi
HaBaHTa)XeHHs Yepe3 GeTOHHe LUMOHKOBE 3'€AHaHHS, MOr0 KOHEhirypaLlisi Mo)Xe CyTTEBO Bifpi3HATUCS, LLIO MPUBOAUTL A0 Pi3HUX hopM
pyHYBaHHS.

HanpyxeHuid cTaH MaTepiany LUMOHKOBUX 3'€HaHb XapaKTEpPU3YETbCS CKIAOHOK KapTMHOK PO3MOANY HampyXeHb Yepes
0co6/MBOCTi hopMM LLIMOHKM, 0COBNIMBOCTI KPaloBUX YMOB, HeNiHilHy po6oTy 6eToHy B MepeapyiHiBHil CTagji Ta HeniHiMHICTb YMOB
KOHTaKTy. 3Ba)Karoum Ha L, Taki 3€pHaHHA cnabo nippaloTbest aHaniTMYHUM MeTopaM JochipkeHb abo X noTpebytoTb 3HaUYHUX
CMpOLLEHb CXeMM PYMHYBaHHS, LI NoTpe6ye BepuaiKaLli ekcriepUMeHTanbHUMU BUMPOBYBaHHSMMU.

AnbTepHaTUBHWM BapiaHTOM [OCTIiAYKeHHS MILHOCTi LLMOHKOBOrO 3'€AHaHHSI € BUKOPUCTaHHS METOAY CKiHUYEHHWUX eNIeMEHTIB, KUI
[,A€ 3MOTY OTPUMATM JieTanbHy KapTUHY PO3riofiiny HanpyXeHb i aedopMaLii.

Y cTaTTi BoCnioKyETHCS Onip LUMOHKOBUX 3'€QHaHb i3 ypaxyBaHHsSM FreOMeTPUUHUX NapaMeTpiB CTUKY, HeniHiMHOI po6oTh MaTepiany
LUMOHKY, 0COBSMBOCTEN KOHTAKTHOI B3aEMOf]i i3 eneMeHTamy, Lp 3€OHyHOTHCS, TOLD. BukopucTaHo umncenbHe MopentoBaHHs B
ABAQUS i3 3acTocyBaHHsIM Mogeni 6eToHy CDP oiist nporHo3yBaHHS MexaHiaMiB pyiiHyBaHHs. PesynbTaTi MofientoBaHHs! MOKasyoTb
3HAYHUI BM/IMB Ha HeCyuy 30ATHICTb FeOMETPUYHMX MapaMeTpiB CTUKY @ TaKoX NapaMeTpiB MiLIHOCTI BETOHY SIK Ha CTUCK TaK i Ha
pos3Tsr, 0COBNMBOCTE KOHTAKTHOI B3aEMOIT i3 eNneMeHTaMm, LLP 3'€HYIOTbCS.

KntouoBi crioBa: Hecyua 3paTHICTb, 3ani306€TOHHI LNOHKK, AetopMaLiMHHa MOAESb, YACIIOBE MOOEHOBaHHS.
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