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ARTICLE INFO ABSTRACT

Keywords: Understanding the bond behavior between reinforcement and concrete under varying confine-
Reinforcement-concrete bond ment conditions is essential for the design and performance assessment of reinforced concrete
Confinement

structures. This study employs a discrete lattice model to investigate the reinforcement-concrete
bond mechanism, focusing on crack propagation, fracture processes, and stress distribution.
Experimental data involving lap-spliced reinforcement bond test under different confinement
conditions serve as benchmarks. In the model, concrete, reinforcement, and their interface are
discretized into beam elements, while the interface properties remain constant and independent
of confinement conditions. A key finding is that generating the lattice mesh through the Delaunay
triangulation scheme enables the model to reproduce realistic strut-cracking patterns and conical
stress transfer phenomena, thereby capturing stirrup-induced passive confinement effects without
modifying interface properties. The results clarify the role of stirrup confinement in restricting
concrete dilatancy and bond splitting, while bond failure is shown to depend on concrete fracture
under weak confinement and on interface failure only under strong confinement. Overall, this
study not only validates the discrete lattice approach for reinforced concrete bond modeling but
also provides deeper insights into lap-splice failure mechanisms, offering a robust framework for
structural assessment and design.

Lattice model
Lap splices
Failure mechanism

1. Introduction

The bond between reinforcement and concrete is crucial for the load-carrying capacity, deformational capacity, crack control and
durability of reinforced concrete structures [1-3]. A set of factors, such as concrete cover thickness, reinforcement diameter, rib
spacing, confinement and boundary conditions, and concrete and reinforcement mechanical properties, significantly influence the
bond behavior between reinforcement and concrete [4,5]. Therefore, understanding and evaluating the bond behavior, particularly its
failure mechanism, is of great significance but is highly complex.

To date, extensive experimental research has been conducted to investigate the reinforcement-concrete bond behavior, in which
the pull-out test of single bar embedded in concrete [6-8] and the four-point bending test of concrete beam reinforced with lap-spliced
bars [9-12] are the two widely used testing schemes. Compared to the beam testing scheme, the pull-out test is more direct and easier
to conduct due to the simpler specimen fabrication and loading. However, it tends to over-estimate the bond strength attributing to the
unrealistic strong confinement by the rigid supports [13]. Additionally, in pull-out tests, concrete is subjected to compression to induce
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Nomenclature

A; cross-sectional area of reinforcement;

c cover thickness of concrete;

Co clear distance between the ribs on bars;

D diameter of reinforcement;

dy diameter of lap-spliced reinforcement;

E elastic modulus of concrete elements;

E, elastic modulus of interface elements for nth segment;

E Ki non-aligned
Kh aligned

] the expectation of bond stiffness ratio between reinforcement with aligned and non-aligned interface elements;

[M] the expectation of the bond strength ratio between reinforcement with aligned and non-aligned interface elements;

Un aligned

fe compressive strength of concrete elements;
fe cylindrical concrete compression strength;

fn interface element strength for nth segment;
ft tensile strength of concrete elements;

G shear modulus of concrete elements;

G

0 shear modulus of interface element for nth segment;
Ly voxel size;
Lg sub-voxel size;
I splice length;
St slip at the onset of the peak bond stress plateau in the pull-out failure envelope;
Si slip at the endpoint of the peak bond stress plateau in the pull-out failure envelope;
s slip at the onset of the residual bond stress plateau in the pull-out failure envelope;
u average bond stress;
us residual bond strength in pull-out failure envelope;
U peak bond strength in pull-out failure envelope;
Umax peak bond strength of lap splice;

Umaxexp  tested bond strength;
Unaxpre  predicted bond strength;

R radius of concrete elements;
r radius of the interface element;
v Poisson’s ratio of the interface element.

pull-out failure, whereas in actual structures, both the reinforcement and the surrounding concrete are typically under tension. Instead,
ACI committee 408 [14] recommends the beam test for investigating the bond behavior of reinforcement embedded in concrete,
because the beam test more accurately reflects the stress state of concrete in real structures [15,16]. Through beam tests, and by using
newly developed measuring technologies, a range of reinforcement-concrete bond deterioration phenomena can be directly captured.
For example, the local strain and shear stress transfer along the full-length of reinforcement can be assessed by distributed fiber optical
sensing [17], and the surface crack evolution can be detected by the digital image correlation (DIC) technique [18]. However, sig-
nificant challenges remain in monitoring the development of internal cracks within in-situ large-scale specimens during loading,
leading to a limited understanding of the underlying failure mechanisms.

As the experimental study can be limited to observing cracking behavior on the surface of structures, the numerical analysis often
acts as an essential complementary approach for uncovering the internal fracture process and gaining a deeper understanding of bond
failure mechanisms. Using the finite element method (FEM), Jakubovskis et al. [19] explicitly modelled the ribs on deformed bar,
which accurately predicted the bond stress distribution and the formation of microcracks in the surrounding concrete. However, the
very fine element mesh required around the ribs resulted in high computational costs, and the numerical results were highly sensitive
to the geometric parameters of simplified rib shapes. Instead, Ooi et al. [20] employed a type of cohesive interface element to model
the reinforcement-concrete bond, whereas the local remeshing of concrete elements was necessary for simulating the propagation of
multiple cohesive cracks within reinforced concrete. Additionally, modelling the reinforcement using one-dimensional truss elements
and representing the reinforcement-concrete bond with spring elements or embedded bond-slip relationships is a more common
approach for simulating the structural behavior of reinforced concrete [21-23]. The properties of these spring elements or embedded
bond are defined by phenomenological reinforcement-concrete bond-slip laws, which are often related to the structural parameters
such as concrete cover thickness, confinement conditions and loading schemes. However, such modeling approach fails to capture
fundamental bond failure mechanisms, such as concrete cover splitting caused by the radial component of the bond force [24] and fails
to predict bond behavior under changed boundary or confinement conditions.

Compared to continuum models, discrete element models offer advantages in simulating the fracture behavior of concrete struc-
tures. Among various models, the lattice discrete particle model (LDPM) has been proven to be one of the most appealing
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computational tools. In LDPM, irregular meshing methodologies (random lattice mesh or polygonal/polyhedral assemblage cells
interacting through lattice struts) can be applied to represent the nonlinear behavior of concrete under a variety of loading conditions
[25]. This approach is capable of accurately predicting the ultimate flexural behavior of RC beams with a wide range of main and
secondary reinforcements but demands extremely large computational effort [26]. As an alternative to overcome this drawback, the
rigid body spring model (RBSM) discretizes concrete into rigid bodies and represents reinforcement by beam elements [27]. The bond
between reinforcement and concrete is modelled using spring elements, with their properties defined by the user-defined bond-slip
relationship. This approach can effectively evaluate changes in internal cracking and stress distribution due to variations in concrete
cover thickness and reinforcement diameter [10,28,29].

Unlike RBSM, the Delft lattice model discretizes the continuum into randomly distributed beam elements, with the cracking process
modelled as the step-by-step removal of elements using a sequential algorithm [30]. It has been widely applied to simulate the fracture
behavior of quasi-brittle materials like cement and concrete at the micro- and meso-scale [30-34]. However, in its conventional form,
the Delft lattice model employs purely linear elastic beam elements to represent all material phases. This simplification restricts its
capability to capture the plastic deformation of steel reinforcement and provides no straightforward means of defining the
reinforcement-concrete interface, thereby limiting its application to reinforced concrete structures. To overcome this challenge, recent
pilot studies by the authors [35-37] proposed an extended framework in which both the reinforcement and the reinforcement-concrete
interface are also modeled by beam elements, with their nonlinear behavior described through multi-segmental linear constitutive
laws. In this formulation, elements are not immediately removed once the failure criterion is reached; instead, they are updated to the
next segment of the piecewise linear law, and this process continues until ultimate failure occurs. This strategy has proven effective and
has demonstrated strong potential for simulating the fracture behavior of reinforced concrete members [35-37].

Having addressed the challenges related to element type and constitutive formulation, the critical step toward achieving cross-scale
simulation of reinforced concrete structures lies in the accurate representation of reinforcement-concrete interface behavior. To this
end, two fundamental questions must be resolved: (1) how should the properties of reinforcement-concrete interface elements in a
beam-type lattice model be determined? and (2) since the majority of reinforced concrete members incorporate stirrups or other forms
of transverse reinforcement, can the discrete lattice model still reliably capture the effect of confinement on bond behavior under such
conditions? Only when both issues are satisfactorily addressed can the discrete lattice model be considered a robust framework for
extending simulations from the fracture behavior of cementitious materials at the meso-scale to the mechanical response of reinforced
concrete structures at the structural scale.

With respect to the first issue, it should be noted that in the beam-type lattice model all phases (including the reinforcement-
concrete interface) are represented by beam elements. The challenge, therefore, is to determine the attributes of these interface ele-
ments (radius, multi-segment elastic modulus, shear modulus, tensile and compressive strength) such that they reproduce a target
bond stress-slip relationship. A straightforward but inefficient approach is trial-and-error calibration [35]. However, because bond
stress-slip relationships are inherently nonlinear, iterative calibration becomes both time-consuming and unreliable. To overcome this
limitation, Gu et al. [36] developed a calibration-free stochastic method that, given a bond stress-slip curve, can directly derive the
corresponding interface element parameters. This method was validated through numerical simulations of pull-out tests, confirming its
feasibility.

Building on this foundation, the present study addresses the second issue by performing discrete lattice simulations of
reinforcement-concrete bond under varying confinement conditions. Benchmark data were taken from the lap-splice bond tests
conducted by Harajli et al. [12], where classical four-point bending beam tests were carried out to examine the influence of stirrup
confinement and concrete cover on splice performance. In the lattice model, the reinforcement-concrete interface properties are
treated as inherent parameters and remain constant across specimens with different confinement levels. The simulations enable a
detailed examination of how confinement modifies internal crack propagation and stress redistribution. Furthermore, the use of
Delaunay triangulation-based meshing is shown to be critical in realistically reproducing strut-cracking behavior and conical stress
transfer, thereby capturing confinement effects without modification of interface parameters.

From an engineering perspective, the discrete lattice model also provides added value beyond conventional phenomenological test
observations. By explicitly representing fracture processes in the concrete surrounding lap splices, the model affords deeper insight
into the internal cracking mechanisms governing reinforcement-concrete bond failure, complementing and enriching the macroscopic
descriptions obtained from experimental studies. Taken together with the previous development of a calibration-free approach for
determining interface properties [36], the present study establishes a consistent methodological framework that enables the discrete
lattice model to be reliably extended from meso-scale fracture simulations of cementitious materials to structural-scale analyses of
reinforced concrete members under varying confinement conditions.

2. Overview of discrete lattice model
2.1. Modelling procedure of reinforced concrete

The lattice model, originally developed for analyzing the fracture of brittle solids [30], is utilized in this study to simulate the bond
behavior of lap-spliced reinforcement in concrete. In this model, the concrete, reinforcement, and reinforcement-concrete interface are
discretized into beam elements, each assigned linear elastic properties (including elastic modulus, Poisson’s ratio, tensile and
compressive strength). External loads are applied in steps to the discrete system under specific boundary conditions. During each
loading step, a linear elastic analysis is performed, and the element with the highest stress-to-strength ratio is removed. Note that
although beam elements are employed to represent all phases in the model, only the axial (normal) stress and strength will be
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considered when calculating the element’s stress-to-strength ratio. After that, the stresses of all elements are released before pro-
ceeding to the next loading step. This process is repeated sequentially until the target load or displacement is achieved.

The modeling procedures can be described as follows (see simplified 2D representation in Fig. 1):

(1) Creation of the lattice mesh and concrete nodes: a square mesh (cubic for a 3D model) with a size of L, is generated. Within each
voxel, a concrete node is randomly located within a sub-voxel of size Ls. The ratio of the two voxel sizes, Ls/Ly, represents the
randomness of concrete nodes and is typically set to 0.5 to reflect the heterogeneity of concrete materials [31,35,36,38,39].

(2) Generation of concrete elements (orange in Fig. 1): the closest pairs of concrete nodes are connected by concrete beam elements
according to Delaunay triangulation rules [40]. Although the concrete elements are assigned linear elastic properties, the model can
effectively simulate the quasi-brittle behavior of concrete with softening due to the geometric randomness of the lattice mesh [38,41].

(3) Generation of reinforcement nodes and elements (red in Fig. 1): reinforcement is implemented by defining its geometry. Then
additional reinforcement nodes are defined at the intersections of the reinforcement and the square (cubic) mesh, and these nodes are
connected by reinforcement elements. To represent the plasticity of steel reinforcement during the yielding stage, a multi-segmental
fracture law is employed. That is, elements are not removed immediately upon reaching their initial segmental strength but are instead
updated with subsequent segmental properties.

(4) Generation of interface elements: reinforcement nodes are connected to their corresponding concrete nodes by interface ele-
ments within the same voxel. These elements are also assigned multi-segmental properties to simulate the bond-slip behavior of
reinforcement in concrete.

(5) Defining boundary conditions and applying load: boundary conditions are defined, and then loads are applied using a load- or
displacement-control scheme.

2.2. Reinforcement-concrete bond properties

The reinforcement-concrete bond behavior plays a dominant role in the structural performance of reinforced concrete. Over the
decades, various analytical models have been developed to describe the bond stress-slip relationship of steel reinforcement embedded
in concrete, with the model proposed by Harajli et al. [12,24] being one of the most comprehensive. This model accounts for the effects
of concrete strength, reinforcement rib spacing, and confinement conditions. As shown in Fig. 2, under poor confinement, splitting
failure of the concrete can occur, leading to a sudden decrease in bond stress. As confinement is increased, bond strength improves until
pull-out failure occurs. This suggests that the bond stress-slip curve under pull-out failure serves as an envelope for all possible curves,
beyond which further confinement does not enhance bond strength. In order words it seems that this is intrinsic reinforcement-
concrete bond property which is not influenced by the specimen geometry, confinement and boundary conditions.

In the discrete lattice model, the bond between reinforcement and concrete is treated as an inherent property and is independent of
varying reinforcement confinement conditions (e.g., concrete cover thickness, stirrup ratios). Therefore, the bond stress-slip rela-
tionship under pull-out failure (i.e., the envelope in Fig. 2) should be applied as input. Gu et al. [36] established a mathematical
method, based on stochastic analysis considering lattice mesh randomness, to transform the preferred bond stress-slip relationship into
the input properties of reinforcement-concrete interface beam elements. Using Delaunay triangulation for meshing, the fundamental
conical stress transfer mechanism along reinforcement is captured in the lattice model, even though the steel ribs are not explicitly
modelled. The effect of boundary conditions, such as concrete cover thickness, on reinforcement bond behavior is naturally reflected
without altering the inputted properties of interface and material elements. This simplified reinforcement-concrete interface modeling
approach, with a strong physical foundation, bridges a crucial gap, allowing the lattice model to be scaled from micro/meso-scale
material simulations to macro-scale structural simulations.

In this research, the reinforcement-concrete interface lattice modeling approach from [36] is adopted to simulate, analyze and
understand better the bond failure mechanism of lap-spliced reinforcement in concrete.

3. Validation of discrete lattice model in simulating bond behavior of lap-spliced reinforcement in concrete

The four-point bending test more accurately reflects the stress state of concrete in real structures compared to pull-out bond tests
[12,14,42]. Although pull-out tests are convenient, they generate highly localized compressive stress concentrations in concrete
around the bar exit point, which do not realistically represent the stress conditions in reinforced concrete members. In contrast, beam-

<« Reinforcement element
. Reinforcement node
. «—  Interface element

Ls
Sub-voxel

Concrete element
Concrete node

Square mesh

Fig. 1. 2D representation of the lattice mesh for reinforced concrete.
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Fig. 2. The analytical bond stress-slip relationship of steel reinforcement embedded in concrete proposed by Harajli et al. [12,24].

type tests such as the four-point bending test are able to reproduce more realistic stress distributions and crack patterns, thus providing
more representative insights into reinforcement-concrete bond behavior. Therefore, the beam testing scheme is adopted to investigate
the confinement effect on reinforcement-concrete bond behavior using the discrete lattice model.

3.1. Specimen details and testing scheme

To validate the discrete lattice approach for modeling the bond behavior of lap-spliced reinforcement in concrete, the experimental
work conducted by Harajli et al. [12] served as a reference. Fig. 3 illustrates the specimen dimensions and splice details. In that study, a
simply supported beam specimen was loaded with two symmetrical point loads to produce a constant moment region. The beams were
tested under displacement control with a loading rate of approximately 2 mm/min to simulate static loading conditions. The testing
parameters include the reinforcement diameter (d,), the ratio of cover thickness to reinforcement diameter (c/d), and the confine-
ment provided by stirrups. The side cover thickness and bottom cover thickness are equal to cover thickness (c), and the splice length is
established as 5dy,. To assess the confinement effect on the reinforcement-concrete bond, two stirrups are positioned in the lap-spliced
region, each located at l;/4 from the mid-span. Two linear variable differential transformers are installed at the beam ends to measure
reinforcement slip, while strain gauges are attached to the lap-spliced reinforcement at [;/2 from the mid-span. Using the measured
reinforcement strain, the reinforcement stress (f;) can be calculated based on the tested stress—strain relationship of steel. Conse-
quently, the average bond stress (u) within [; can be determined as follows:

I,+200
; ; Applied load
D6@100— 2D10
= = 7‘ 200
200 ', ‘ ‘ LVDT , ‘
= L e
i o ‘
50 1100 50
(a) Side view
Outer splice ls/41s/21/4 Inner splice
reinforcement | 1 SHITUP —reinforcemen ] VDT
‘ 1 ¥, Ty
g
) + +
Unbonded region  Splice region (I, = 5d)
(b) Bottom view (All units are in ‘mm’)

Fig. 3. Specimen dimensions and reinforcement details.
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where A, is the cross-sectional area of reinforcement.

The design parameters for all specimens are presented in Table 1. The diameters of the lap-spliced reinforcement are 16, 20, 25, and
32 mm. Varying confinement conditions are achieved by utilizing stirrups of different diameters. Regarding the specimen nomen-
clature, ‘SO’ represents plain cases with no stirrup confinement in the mid-span, while ‘S6’ and ‘S10’ represents the stirrup confinement
cases. The concrete compressive strength f_ ranged from 39.0 MPa to 43.2 MPa, and the yield strength of the reinforcement was 413.8
MPa. A four-point bending load is applied to the top of all beam specimens, with the lap splices located within the pure bending region.

3.2. Numerical model

To discretely simulate the internal cracking and bond behavior between the lap-spliced reinforcement, it is mandatory to maintain
a throughout provision of the interface element between the lap-spliced reinforcement, which requires a minimum benchmark of one
Voronoi element. Considering the set benchmark, a mesh size of 8 mm is adopted to generate the lattice model following the pro-
cedures outlined in Section 2.1. The effect of mesh size on the bond behavior simulation has been previously confirmed.

In the discrete lattice model, concrete elements are assumed to be linearly elastic and defined by five parameters: element radius
(R), elastic modulus (E), shear modulus (G), tensile strength (f;), and compressive strength (f.). The elastic modulus and shear modulus
are directly assigned as those of the bulk concrete, while R, f;, and f. are calibrated through numerical simulations of uniaxial tension
and compression tests on concrete cylinders (150 mm x 150 mm x 300 mm), as shown in Fig. 4 (note that the sharp decrease and
increase of load derives from the element removal/update procedure used in the beam lattice approach). In this procedure, R is
adjusted to match the target elastic modulus, f; to match the tensile strength, and f. to match the compressive strength of concrete at
macroscopic level. Since the reference experiments did not provide concrete tensile strength or elastic modulus, these values were
derived according to Model Code 2010 [43] based on the measured compressive strength. The calibrated parameters used in this study
are summarized in Table 2. Although the concrete element is assigned linear elastic constitutive relationships, the post-peak behavior
of material can be well captured due to the geometric heterogeneity of lattice mesh.

Unlike the concrete elements, the properties of the reinforcement elements and the reinforcement-concrete interface elements are
determined without calibration. The uniaxial stress—strain curve of the steel reinforcement is divided into 10 segments (Fig. 5(a)), each
representing linear elastic constitutive relationships, which are then assigned to the reinforcement elements. As clarified in Section 2.2,
the steel reinforcement-concrete bond stress-slip model proposed by Harajli et al. [12] for pull-out failure modes (as shown by the
envelope curve in Fig. 2) is employed to determine the elemental properties of the reinforcement-concrete interface. In this model, the
bond stress-slip relationship corresponding to pull-out failure is defined as an inherent property of the reinforcement-concrete
interface elements, governed primarily by concrete strength and reinforcement diameter and rib spacing, and independent of
external confinement conditions such as cover thickness or stirrup ratio. These interface properties are kept constant across all sim-
ulations. The influence of varying confinement is instead captured naturally through the fracture response of the surrounding concrete
in the lattice mesh. Accordingly, if the bond is sufficiently strong to induce splitting failure under low confinement, this outcome
emerges directly from the model rather than from any modification of the interface parameters. Therefore, only parameters sy, sy, S,

Un, and ug from Harajli’s model are relevant, where s; = 0.15¢q, sy = 0.35¢q, s = Co, Um = 2.57 fc, us = 0.35uy, (cq is clear distance

between the ribs on bars, f, is cylindrical concrete compression strength, and un, and uy are peak and residual bond strength). The bond
stress-slip envelope curve is divided into 15 segments, each representing a linear elastic constitutive relationship, as illustrated in Fig. 5
(b).

The mechanical properties of the reinforcement-concrete interface elements are, however, inherently linked to the discretization,
since the definition of “per unit bar length” is mesh dependent and corresponds to the interface element length. When a coarser mesh is
used, each interface element represents a longer bar segment and its transfer capacity must be scaled accordingly. The determination
procedure is as follows: (1) the elastic modulus of the interface element is initially assumed equal to that of concrete; (2) the element
radius is then calibrated so that the bond stiffness per unit bar length matches the target value; and (3) with the element radius fixed,
the tensile and compressive strengths are scaled to ensure that the bond strength per unit bar length also equals the target value. To
avoid a trial-and-error calibration, a quantitative method was established in authors’ previous study [36], enabling direct calculation

Table 1

Parametric details of the test specimens used for numerical evaluation.
Specimens  Concrete compressive strength f, Splice diameter Cover c/d,  Splice Stirrup diameter Space

(MPa) dp,(mm) thickness length ds(mm) s(mm)
c(mm) Is(mm)

B1W-SO 40.7 16 34 2.1 80 / /
B1W-S6 40.7 6 40
B1W-S10 43.2 10 40
B2W-S0 39.0 20 30 1.5 100 / /
B3W-SO 40.7 25 25 1.0 125
B4W-SO 39.0 32 18 0.56 160
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Fig. 4. Calibrated stress—strain behavior of concrete under (a) uniaxial compression and (b) tension.
Table 2
Calibrated concrete element properties in the lattice model for each lap-spliced specimen.
Specimens R(mm) E(MPa) G(MPa) ft(MPa) fe(MPa)
B1W-SO 3.36 31,140 12,976 3.6 72.0
B1W-S6 3.6 72.0
B1W-S10 3.8 78.0
B2W-S0 3.36 31,140 12,976 3.5 68.0
B3W-S0 3.6 72.0
B4W-S0 3.5 68.0
Bond stress
600 ~ R~ 4~ b (s10,210)(511,211)
€ 8 & & 0 N 66 '
500 4 &w \‘é\' @m‘ @»: @‘a‘ @b‘ @'\‘ @‘v @w@@
3 400 O
& PR // 8 i e 7
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w0 / VERERARd
g Ty // [ 7 PR
n 200 A /I ,// /://////:// p2
/,// /,/////’////
1,7 /,///,///,
100 ’,;"//,’f
0 ! , , i)
0.000 0.004 0.008 0.012 0.016 sp st Si1 Slip
Strain

(2)

(b)

Fig. 5. Input of element properties (a) reinforcement elements (b) bond stress-slip relationship (monotonic envelope model of pull-out failure
suggested by Harajli [12,24]).

of the interface element properties from fundamental parameters such as concrete strength, reinforcement diameter, rib spacing, and
mesh size. The derived formulations, based on stochastic analysis, are expressed in Egs. (2)-(5):

ll]D Lv

Ecsl

(2)
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where D is the diameter of the reinforcement, and r is the radius of the interface element. Note that L, is assigned the mesh size value.
For the nth segment of input, E, is the elastic modulus, G, the shear modulus, v the Poisson’s ratio of the interface element, and f;, the

interface element strength for nth segment. The coefficients E|:K’1I§‘°n;alig:ed:| and E|:u“l';‘°";ﬂlig:ed:| represent the expectation of the bond
aligne naligne

strength ratio and bond stiffness ratio between reinforcement with aligned and non-aligned interface elements, which are dependent
on mesh randomness and relative location of reinforcement embedded in the mesh [36]. The interface element parameters derived of
two representative reinforcement types are shown in Table 3.

3.3. Bond stress-slip behavior and failure mode

The experimental and numerical bond stress-slip relationships within the lap-spliced regions of beams with different c/dj, ratios and
stirrup confinement are illustrated in Fig. 6(a) and Fig. 6(b), respectively. To eliminate the effect of varied concrete strength in

different specimens, the measured bond stress is normalized by 1/ \/)‘TC

As illustrated in Fig. 7(a) and Fig. 7(b), the numerical results exhibit reasonable consistency with experimental data across various
c/dy ratios and stirrup confinement, with the ratio of predicted bond strength (Umax pre) to the tested bond strength (Umax,exp) ranging
from 1 %~7 %. Without altering the properties of the reinforcement-concrete interface elements, the lattice model well simulates the
decrease in bond strength (umay) as the c/dy, ratio or stirrup confinement is reduced. Additionally, the simulations accurately replicate
the pre-peak stiffness degradation with increasing slip, accompanied by the progression of bending cracks and the subsequent
extension of splitting cracks towards the beam surface. Furthermore, the sudden drop in bond stress observed during the post-peak
stage in beams without stirrups, indicating brittle bond failure of the lap splices, is also accurately captured. The crack patterns of
above simulated beams are shown in Fig. 8. Clearly, splitting failure within the lap-spliced region occurs in all beam specimens,
consistent with the experimental observations. In beams without stirrup confinement, lap splices exhibit noticeable lateral dilatancy,
while in beams with stirrups, the crack width and lateral dilatancy are effectively restricted. The reference experiment by Harajli et al.
[12] only reported bond stress-slip responses, without providing crack patterns or failure photographs. Therefore, a direct visual
comparison was not possible. Nevertheless, the simulations reproduced the experimental bond stress-slip curves and revealed a bond
splitting failure mode, consistent with the qualitative description in [12]. Moreover, the simulated crack patterns exhibit a high degree
of similarity to those reported in related experimental investigations, such as [44] and [11].

Table 3
Reinforcement-concrete interface parameters used as input in the lattice simulation of representative specimen B1W-S10 (stirrup diameter is 8 mm,
longitudinal reinforcement diameter is 16 mm).

nthsegment Stirrup-concrete interface elements Longitudinal reinforcement-concrete interface elements

r=6.02 mm r = 5.46 mm

En(MPa) Gn(MPa) fm(MPa) fen(MPa) En(MPa) Gn(MPa) fm(MPa) fen(MPa)
1 48,732 20,305 1.44 —1.44 112,010 46,673 5.98 —5.98
2 9670 4029 2.88 —2.88 22,226 9261 11.96 —11.96
3 3754 1564 4.31 —4.31 8629 3596 17.94 —17.94
4 1919 799 5.75 —5.75 4410 1837 23.93 -23.93
5 1140 475 7.19 —-7.19 2620 1091 29.91 —29.91
6 745 310 8.63 —8.63 1712 713 35.89 —35.89
7 520 217 10.06 —10.06 1195 498 41.87 —41.87
8 381 159 11.50 —-11.50 875 365 47.85 —47.85
9 289 121 12.94 —12.94 665 277 53.83 —53.83
10 226 94 14.38 —14.38 520 217 59.82 —59.82
11 97 40 14.38 —14.38 223 93 59.82 —59.82
12 55 23 12.04 —12.04 127 53 50.10 —50.10
13 34 14 9.70 -9.70 78 32 40.38 —40.38
14 21 9 7.37 -7.37 48 20 30.66 —30.66
15 12 5 5.03 —-5.03 27 11 20.94 —20.94




X. Liu et al. Engineering Fracture Mechanics 328 (2025) 111510

14 r® Exp-B2W-SO
’ 1.0 - @ Exp-B3W-S0
12- r % Exp-B4W-SO
—— Sim-B2W-S0
1.0 0.8 = Sim-B3W-S0
—— Sim-B4W-S0

0.6

- % Exp-BIW-S0 |

S
<N
!

0.4 1

Normalized bond strength (MPa~ I 2)
(=}
oo
Normalized bond stress (MPa~ 1/ 2)

0.4 & - @ Exp-BIW-S6
k - ®  Exp-BIW-S10
; —— Sim-B1W-S0 0.2+
0.2 -~ Sim-B1W-S6
== Sim-B1W-S10
0.0 T T T T T 0.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Slip (mm) Slip (mm)

(a) (b)

Fig. 6. Experimental and simulated bond stress-slip behavior in beams with different (a) c/d;, ratios (B2W-SO, B3W-S0, B4W-S0); (b) stirrup
confinement (B1W-S0, BIW-S6, BIW-S10).

_.
[}
g
o

I Experiment
Il Simulation 1.53 1.49

132 133 139
1.22

I Experiment 1.01 1.02
Bl Simulation

<

O
\

—_

)
\

0.71 0.72

Normalized bond strength (MPa'l/ 2)
IS
i

Normalized bond strength (MPa'l/ 2)
=

o
=
‘

B2W-S0 B3W-S0 B4W-S0 B1W-S0 B1W-S6 B1W-S10
Specimen Specimen

(a) (b)
Fig. 7. Normalized bond strength in beams with different (a) c/dj, ratios (B2W-S0, B3W-S0, B4W-S0); (b) stirrup confinement (B1W-SO, B1W-S6,
B1W-S10).

4. Bond failure mechanism of unconfined lap-spliced reinforcement

To better understand the bond failure mechanism of unconfined lap-spliced reinforcement, this section further analyzes the crack
propagation, internal fracture processes, and compressive strut action in the representative specimen B1W-S0.

4.1. Crack propagation

The crack patterns of specimen B1W-S0 corresponding to different slip levels are shown in Fig. 9. Under four-point bending, the
initial flexural crack occurs on the bottom of the beam outside the lap-spliced region. As the peak load is reached, a flexural crack also
appears within the lap-spliced region. Subsequently, several splitting cracks develop on the bottom of the beam, corresponding to the
bond degradation of the lap splices. At a slip of 0.74 mm, the concrete in the lap-spliced region has severely split into multiple
fragments, providing limited confinement to facilitate effective bond stress transfer.

4.2. Internal fracture process

In addition to the crack propagation as observed on surface, the lattice model can provide valuable insights into the internal
fracture process of the simulated specimen, as shown in Fig. 10 and Fig. 11. Until reaching the slip value of approximately 0.03 mm
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(corresponding to the moment A in Fig. 11), two flexural cracks successively develop outside the lap-spliced region, with no cracks
observed between the lap-spliced reinforcements. The fractured ligaments exhibit two subsequent peaks, corresponding to the for-
mation of two flexural cracks. When the slip reaches approximately 0.11 mm (corresponding to the moment B in Fig. 11), another
flexural crack forms inside the lap-spliced region. The fractured ligaments exhibit another peak corresponding to a subsequent
decrease in bond stiffness. When the slip reaches approximately 0.18 mm (corresponding to the moment C in Fig. 11), the peak bond
strength is reached. Subsequently, with increased slip the bond stress significantly decreases, along with strut cracks occurring be-
tween the lap-spliced reinforcement. When the slip reaches approximately 0.22 mm (corresponding to the moment D in Fig. 11), the
strut cracks interlink and extend, indicating reduced confinement capacity of concrete cover within the lap-spliced region and sub-
sequent decrease in normalized bond stress. As the slip increases without the formation of new peaks in the fractured ligaments,
splitting failure eventually develops within the lap-spliced region.

In summary, the fracture process of lap splices is characterized by flexural cracks at the beam’s bottom initially, followed by the
formation of strut cracks between the lap-spliced reinforcement. As strut cracks interlink and extend, dilatancy and splitting of the
concrete cover within lap-spliced region occurs, lead to the splitting failure of unconfined lap splice.

10
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4.3. Compressive struts between splices

To further illustrate the bond failure mechanism of unconfined lap splices, the internal stress distribution of the simulated specimen
is shown in Fig. 12. The so-called conical stress transfer mechanism, often described in design codes and experimental studies of bond
behavior, refers to the transfer of bond force from the reinforcement to the surrounding concrete through inclined compressive struts
that spread out in a conical manner from the bar ribs [12,42,43]. This phenomenon is clearly reproduced in the present simulations, as
highlighted by the schematic illustration in Fig. 13 included for clarity.

When the slip reaches approximately 0.03 mm, compressive struts form between lap-spliced reinforcements. As the slip increases,
the conical stress transferring area expands. When the slip reaches approximately 0.18 mm, peak bond strength is reached. At this

11
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Fig. 12. Concrete stress distribution in the beam specimen B1W-S0.

point, concrete elements at the boundary are subjected to compression. When the slip reaches approximately 0.22 mm, the circular
compressive field at the splice height on the cross section transforms into inclined compressive flows. During the post-peak stage, the
conical stress transferring area reduces due to the splitting and the reduced confinement capacity of concrete cover within lap-spliced
region.

5. Confinement effect of stirrups in enhancing the bond of lap splices

Stirrup confinement enhances the peak bond strength of lap splices, as shown in section 3.3. To unveil the effect of stirrup
confinement on the reinforcement-concrete bond behavior, this section further analyzes the crack propagation, internal fracture
process, and stress distribution along stirrups in the representative specimen B1W-S10.

5.1. Crack propagation

The crack patterns of specimen B1W-S10 corresponding to the same slip levels with specimen B1W-S0 are shown in Fig. 14. During
the initial stage, flexural cracks occur on the bottom of the beam, with several splitting cracks developing from the bottom of the beam.
As the peak load is reached, the concrete in the lap-spliced region has been split into multiple fragments, while the lateral dilatancy is
effectively restricted by the stirrup confinement.

5.2. Internal fracture process

The internal crack development in the beam specimen B1W-S10 is shown in Fig. 15. During the initial loading stage, internal crack
development in the beam specimen B1W-S10 is similar to that in the beam specimen B1W-S0. When the slip reaches approximately
0.03 mm, one flexural crack first develops outside the lap-spliced region, resulting in a peak in fractured ligaments (corresponding to
the moment A in Fig. 16). When the slip reaches approximately 0.11 mm, another flexural crack forms outside the lap-spliced region
with a new peak in fractured ligaments (corresponding to the stage between moment A and moment B in Fig. 16). When the slip
reaches approximately 0.18 mm, strut cracks occur between the lap-spliced reinforcement. The peak bond stress is reached at a slip of
0.74 mm when the cross-section is split into several pieces by internal cracks. As the stirrup legs can bridge the cracks, a ductile bond
failure mode is achieved.

5.3. Stress distribution along stirrups
The stress distribution inside the beam is illustrated in Fig. 17. During the initial loading stage, compressive struts form and extend
between lap-spliced reinforcements. When the slip reaches approximately 0.74 mm, peak bond strength is reached. The high tensile

stress (reaching a maximum of 106.1 MPa) in the stirrups, along with the large compressive stress field within them, demonstrates that

12
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Fig. 13. Schematic representation of how the radial components of the bond forces are balanced against tensile stress rings in the concrete in a
conical manner [42].
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Fig. 14. Simulated crack propagation in the beam specimen B1W-S10.

the stirrups effectively restrict dilatancy and splitting of the concrete within the lap-spliced region, acting as passive confinement.
Throughout the entire loading stage, the conical stress transfer area remains intact as the slip increases, enabling the concrete within
the lap-spliced region to transfer higher bond stress compared to the reference beam without stirrup confinement.

6. Dominant role of Delaunay triangulation-based mesh in simulating realistic bond stress transfer

From the previous analysis of fracture processes and stress distribution, it is evident that accurately simulating the formation of
strut cracks and the dilatancy of the concrete within the lap-spliced region is crucial for reflecting the effect of confinement on bond
behavior. The Delaunay triangulation-based mesh is considered essential for facilitating the development of compressive strut stress.
To demonstrate the role of the Delaunay triangulation-based mesh, representative beam specimens (B1W-S0, B1W-S10) with a regular
quadrangle mesh are modeled using the lattice model.

The simulated bond stress-slip curves for lap splices, using both Delaunay triangulation-based and regular quadrangle meshes, are
shown in Fig. 18(a) and Fig. 18(b), respectively. The bond strength of lap splices simulated with the regular quadrangle mesh is
significantly lower than the one with Delaunay triangulation-based mesh and experimental results.

The simulated crack patterns using a regular quadrangle mesh are shown in Fig. 19, while a schematic diagram illustrating the bond
stress transfer in both regular quadrangle and Delaunay triangulation-based meshes is provided in Fig. 20 and Fig. 21. In the ex-
periments, the radial component of the gripping force on the reinforcement ribs induces cracks in the surrounding concrete at angles
ranging from 45° to 60° [45]. However, when concrete is modeled using a regular quadrangle mesh, stress can only be transferred
along grid boundaries at 90°, limiting the ability to simulate strut cracks and the conical stress distribution. Consequently, the beam
specimen with the regular quadrangle mesh fails to capture the dilatancy of the concrete, thereby preventing the stirrups from
providing effective passive confinement.

In contrast, in the beam specimen with a Delaunay triangulation-based mesh, shear stress on the reinforcement surface is trans-
ferred along inclined angles, accurately simulating the strut cracking behavior and conical stress distribution. Therefore, the lattice
model, by using the Delaunay triangulation-based mesh, can naturally reflect the changes in bond stress-slip behavior of specimens
under different confinement conditions without needing to modify the properties of the reinforcement-concrete interface elements.

13
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7. Conclusions

In this study, the lattice model is employed to investigate the effect of confinement on the bond behavior of lap-spliced rein-
forcement. Based on the validated model, a detailed analysis is conducted on how confinement influences reinforcement-concrete
bond behavior, including crack propagation, fracture processes, and stress distribution. This study validates the discrete lattice
model as a robust framework for macroscopic mechanical analysis of reinforced concrete structures. The model not only reliably
predicts bond stress-slip behavior and failure modes under varying confinement conditions, but also provides mechanistic insights into
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the internal fracture processes governing bond failure, thereby supporting rational reinforcement detailing in engineering practice.
The main conclusions are drawn as follows:

(1) The bond-slip law under pull-out failure is treated as an intrinsic property of the reinforcement-concrete interface in the adopted
lattice model. Although the properties of the reinforcement-concrete interface elements and material properties of reinforce-
ment and concrete remain constant in specimens with varying stirrup ratios, the model accurately grasps the influence of
confinement provided either by concrete cover or stirrups on reinforcement-concrete bond behavior.

(2) The bond failure of unconfined lap splices is initially characterized by the development of flexural cracks in the beam tensile
zone until reaching the peak load, followed by the formation of strut cracks between the lap-spliced reinforcement. As these
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strut cracks propagate and interconnect, dilatancy and splitting of the concrete cover within the lap-spliced region occur, ul-
timately leading to the splitting failure of the unconfined lap splice.

(3) The high tensile stress in the stirrups and the significant compressive stress field in concrete demonstrates that the stirrups can
effectively restrict dilatancy and splitting of the concrete within the lap-spliced region, acting as passive confinement. This can
be attributed to the preservation of the conical stress transfer area, as the stirrup legs bridge and restrain crack development.

(4) Generating lattice mesh using the Delaunay triangulation scheme can replicate realistic strut cracking behavior and conical
stress transfer in lap splices, thereby naturally capturing variations in bond stress-slip behavior under different confinement
conditions without requiring modifications to the reinforcement-concrete interface properties.
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