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The paper presents a review of damage models for reinforced concrete (RC) structures, analyzing
their theoretical foundations, advantages, limitations, and fields of application. Four key models are
considered: Continuum Damage Mechanics (CDM), damage-plasticity models (CDP), microplane
models, and fatigue / accumulative damage models. Their performance is compared based on such
criteria as the ability to describe stiffness degradation, universality of application, computational
complexity, and prediction accuracy. In addition, practical parameters for numerical implementation are
summarized, and the applicability of models to different tasks is outlined. The results of the review
demonstrate that none of the models is universal. Ultimately, the study emphasizes the need for
integrating physically based methods with modern digital technologies, which can expand the scope of
damage models in industrial and civil construction.
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Introduction

Damage modeling of reinforced concrete (RC) structures is a crucial task of modern engineering
mechanics. The availability of accurate and reliable damage models makes it possible to predict the residual
load-bearing capacity, estimate the remaining service life, and optimize repair and strengthening strategies.
The most widely used approaches for describing damage include: continuum damage mechanics (CDM),
combined damage-plasticity models (such as Concrete Damage Plasticity, CDP), microplane models,
accumulative fatigue damage models, as well as modern data-driven and machine-learning techniques for
diagnostics and degradation prediction.

Each approach has its strengths and weaknesses in terms of reproducing crack initiation and
propagation, capturing anisotropy of damage, representing reinforcement — concrete interaction, and
ensuring numerical stability in finite element implementations. Therefore, these methods require a deeper
analysis and the identification of the most appropriate areas of application. This article is aimed at
highlighting such cases in the context of modern structural design and analysis of RC elements with
damage.

Materials and methods

As a result of the ongoing military actions in Ukraine, the number of damaged buildings and
structures has increased dramatically (Surianinov, Neutov & Yesvandzhyia, 2023). The most reliable and
straightforward method of reconstruction is to replace the most critically damaged structural elements with
new ones. However, this approach is also the most expensive, which makes it economically inefficient
under current conditions. Therefore, greater emphasis should be placed on the diagnostics and inspection of
structures. Identifying the type of damage and its impact on the load-bearing capacity of structural elements
is a pressing task (Blikharskyy & Kopiika, 2022), while establishing a more accurate stress-strain state
(Barabash, Kostyra & Tomashevskyi, 2022) makes it possible to preserve parts of existing structures,
strengthen them, or even extend their service life instead of replacing them immediately.
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In this regard, the focus should be on the most common mathematical models of damage and the
mechanics of their behavior, which have been developed and applied in both Ukrainian and international
practice:

Theoretical Background of Damage Models

1. Continuum Damage Mechanics (CDM) (Voyiadjis, Shojaei, Li, & Kattan, 2012)

Continuum Damage Mechanics (CDM) represents one of the most fundamental approaches to
modeling the degradation of concrete properties. Within this framework, a scalar or tensor damage variable
is introduced, which directly affects the material’s modulus of elasticity (Fig. 1). This indicator reflects the
progressive accumulation of microcracks and the deterioration of the concrete structure under loading,
ultimately leading to a reduction in stiffness. The classical works of J. Mazars (Mazars, 1984) and
J. L. Chaboche (Chaboche, 1988) initiated the application of this approach to concrete, formulating a
mathematical model of damage evolution as a function of strain.

A direct three-dimensional extension of the preceding uniaxial formulation is provided by the well-
known Lemaitre — Chaboche (Lemaitre et al., 1978) 3D elastic damage model. In this approach, building on
the fundamental principles outlined in Section 1, it is assumed that the stiffness tensor D of the damaged
material is expressed as follows:

D=(1—w)D,, (1)
where w — damage variable; D, — denotes the elastic stiffness of the undamaged material.

The advantages of CDM include the simplicity of its formalization and the relative efficiency of
implementation in numerical methods, particularly in finite element analysis. It enables the description of
the transition from the elastic to the damaged state and effectively models the cracking stage. The schematic
in Fig. 1 illustrates the damage and healing mechanism of a discontinuous fluid. Point A marks the
beginning of unloading, where the material already contains plastic deformations and microdefects such as
cracks and voids. Point B corresponds to the healing stage, from which reloading begins. After healing, the
material demonstrates an increased elastic modulus.
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Fig. 1. Basic idea of Continuum Damage Mechanics (CDM)
(Voyiadjis et al., 2012)

At the same time, continuum damage models have several significant limitations. The main challenge
is strain localization in finite element calculations, which results in mesh dependence — the outcomes are
influenced by the discretization size. This phenomenon leads to unrealistic strain concentrations and
requires additional strategies, such as introducing non-local or gradient terms, to ensure objectivity of the
results. Moreover, basic CDM formulations often fail to account for the differences between the behavior of
concrete in compression and in tension, which restricts their accuracy under complex loading scenarios.
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However, modern researchers are attempting to propose solutions that enable more efficient use of
continuum damage models. For instance, in the study (Rezaei et al., 2022), numerical examples and specific
features of finite element implementation are presented, where fracture energy and material strength are
introduced as arbitrary functions dependent on the crack propagation direction. The application of the
proposed anisotropic cohesive fracture model ensures convergence of the results with respect to the
characteristic length-scale parameter by accounting not only for fracture energy but also for the direction-
dependent material strength. This methodology allows for increasing the finite element mesh size, which
significantly reduces computational time without substantially affecting the predicted crack path and the
obtained load-displacement curves. Nevertheless, such models are still unable to fully capture fracture
properties dependent on the stress state mode.

Despite these drawbacks, CDM remains the foundation for the development of more advanced
approaches, including combined “damage — plasticity”” models, and continues to serve as a conceptual basis
for both engineering practice and scientific research.

2. Damage-Plasticity Models (Lee & Fenves, 1998)

Damage-plasticity models combine two fundamental concepts: plasticity mechanics and continuum
damage mechanics. Plasticity represents the irreversible deformations of a material once the yield limit is
exceeded, while the damage variable describes the progressive degradation of stiffness due to microcrack
formation. One of the most well-known models of this class is the Lubliner — Oliver — Oller — Ofiate model
(Lubliner, Oliver, Oller & Onate, 1989), which laid the foundation for the development of more practical
implementations. Later, Lee and Fenves (1998) (Lee & Fenves, 1994; Lee, 1996) extended this concept to
cyclic loading, introducing separate damage variables for tension and compression. In modern numerical
methods, the most common implementation is the Concrete Damage Plasticity (CDP) model, integrated into
software packages such as ABAQUS, DIANA, and SOFiSTiK. It allows for the reproduction of complex
concrete behavior, including the asymmetry between compression and tension, the accumulation of plastic
strains, and the gradual reduction of stiffness.

Fig. 2 illustrates the combination of plasticity and damage models, where thick lines denote loading
branches and thin lines denote unloading and reloading branches. Pure plasticity models (Fig. 2, a) are
capable of reproducing characteristic deformations of concrete, but they fail to capture the progressive
stiffness degradation of the structure (Al-Zuhairi, Al-Ahmed, Abdulhameed, & Hanoon, 2022). Conversely,
pure damage models (Fig. 2, b) can correctly describe the process of stiffness deterioration but do not
reproduce the real deformations observed in experiments. Therefore, as shown in Fig. 2, ¢, combining these
two approaches is considered a necessary and effective tool for adequately describing the nonlinear behavior
of concrete, providing a more comprehensive representation of its actual stress-strain state.
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Fig. 2. Representation of concrete damage plasticity (Al-Zuhairi et al., 2022)

The basic stress-strain relation can be expressed as:
6 = (1-D)—Cop:(e—¢), )
where ¢ — stress tensor; De [0,1] — damage variable (0 for undamaged, 1 for fully damaged material);
Co — elastic stiffness tensor of the undamaged material; € — total strain tensor; &’ — plastic strain tensor.
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The term (1—D) represents stiffness degradation, while &” accounts for irreversible deformations.

Despite their high versatility, damage-plasticity models also have certain limitations. First, they are
parameter-intensive: accurate performance requires careful identification of numerous material properties,
many of which are often difficult to determine experimentally. Second, if parameters are improperly
selected, the model may exhibit numerical instability, particularly in problems involving repeated loading or
complex three-dimensional stress states. Nevertheless, this group of models is currently considered the most
balanced for engineering practice, as it combines conceptual rigor with the ability to reproduce a wide range
of loading scenarios. For this reason, damage-plasticity approaches are widely applied to the analysis of
beams, slabs, columns, foundations, and other reinforced concrete elements under various operating
conditions.

3. Microplane Models (Bazant et al.) (Caner & Bazant, 2013)

Microplane models represent one of the most accurate approaches to describing concrete damage at
the microstructural level. Their foundation lies in the concept of representing the material through a set of
planes with different orientations (microplanes), on which individual constitutive stress-strain laws are
defined. This formulation makes it possible to capture anisotropy and complex crack formation mechanisms
that cannot be adequately represented by classical isotropic models. Starting from models M1-M4,
developed by Bazant and Caner in the 1990s (Caner & Bazant, 2000), the mathematical framework has been
gradually refined, leading to more advanced versions such as M7. The latter accounts for the influence of
triaxial stress states, cracking phenomena, and nonlinear behavior under both tension and compression.

The model applies the concept of kinematic constraints and stress homogenization to establish the
relationship between the macroscopic and microplane levels of discretization (Baktheer, Aguilar &
Chudoba, 2025), as illustrated in Fig. 3. Through this approach, the microplane formulation enables a more
accurate description of material behavior, particularly in the presence of complex anisotropic damage.
Microplane models recognize that each fixed orientation in the solid angle defines a microplane associated
with its corresponding constitutive response.
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Fig. 3. The concept of the microplane theory for constitutive modeling of quasi brittle materials
(Baktheer et al, 2025)

The kinematic constraint in microplane models for concrete is essential for accurately representing
strain-softening behavior. This means that the microplane strains are defined as the projections of the overall
strain tensor onto the individual microplanes.
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In microplane models, the kinematic relationship establishes the link between the macroscopic strain
tensor and the strain components acting on each microplane. The strains on a microplane, defined by its unit
normal vector n are obtained by projecting the macroscopic strain tensor € onto that plane.

The normal strain component is expressed as:

EN=1N-EN (3.1)
and the tangential strain component as:

E7= €N—ENN (3.2)
Here ey — normal strain acting perpendicularly to the microplane; &7 — tangential strain vector acting within
the plane; € — macroscopic strain tensor; » — unit normal vector defining the orientation of the microplane.

The main advantage of microplane models is their ability to reproduce multidimensional effects and
provide high accuracy in modeling three-dimensional structures, including slabs, shells, and complex joints.
At the same time, they remain extremely demanding in terms of computational resources and require a large
number of parameters for calibration (Nastri, Tenore & Todisco, 2023), which limits their widespread use in
practical engineering. Most often, they are employed in scientific research aimed at verifying new
experimental data or for benchmarking against more simplified models. In the future, the development of
hybrid approaches that integrate microplane modeling concepts with machine learning techniques
(Benelfellah et al., 2017) may pave the way for their more efficient implementation in engineering practice.

4. Fatigue / Accumulative Damage Models (Shiri et al., 2015) (Palmgren — Miner, extended
cumulative models for concrete)

Fatigue and accumulative damage models are aimed at describing the degradation of reinforced
concrete elements under repeated cyclic loading. They are based on the hypothesis of progressive
accumulation of micro-damages, which over time lead to a reduction in stiffness and load-bearing capacity.
The most common analogy is the Palmgren — Miner rule (Miner, 1945), which defines the cumulative effect
of load cycles on the service life of a material. Within this approach, the stress-strain state of each cycle is
translated into an incremental damage contribution, and failure occurs once the critical value of the damage
variable is reached.

The stiffness degradation of a material due to accumulated damage is expressed by a modified
Hooke’s law:

o=(1-D)Ezs, “)

where ¢ — actual stress; E, — initial elastic modulus; € — strain; D € [0,1] — accumulated damage variable.
As D increases, the effective stiffness (1-D)E, decreases progressively.
Such models are widely applied in the assessment of durability for bridges, road slabs, floor
structures, and other elements subjected to repeated loading. Fig. 4 illustrates the development of damage
modeled using trigonometric expressions, which more
accurately represent the nonlinear stiffness degradation of
/ the material throughout the loading cycle. These functions
provide improved life prediction compared to other
/ methods that require numerous parameters and extensive
experimental data.
Nowadays, the continuum damage mechanics
(CDM) approach is increasingly used for engineering
> calculations (Bobyr, Khalimon & Bondarets, 2013), since
the main idea of such damage models lies in replacing the
Fig.4. Schematic of fatigue damage standard stress with an effective stress in the constitutive
evolution in composites (Shiri et al, 2015) equation. Miner-type models have been further developed
by modern researchers. In particular, in the study (Aeran,
Siriwardane, Mikkelsen & Langen, 2017), a model was proposed that is formulated based on the general
parameters of the material’s S—N curve and does not require additional determination of material parameters
or modification of the S—N curve. The comparison between experimental data and theoretical predictions
confirmed the reliability of the fatigue damage modulus proposed by the authors.
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The advantage of fatigue models is their practical orientation and the ability to predict long-term
performance based on relatively simple parameters obtained from experimental S—N curves. At the same
time, their main drawback is the empirical nature and limited applicability beyond the conditions under
which they were calibrated. To enhance the reliability of predictions, modern research integrates
micromechanical concepts, continuum damage theory, and machine learning methods into fatigue modeling.
Such developments make it possible to combine the simplicity of classical empirical formulas with the
flexibility and accuracy of advanced numerical analysis tools.

The presented table (Table) summarizes the key characteristics of the main groups of damage models
for reinforced concrete structures. It systematizes four principal approaches: Continuum Damage Mechanics
(CDM), damage-plasticity models (CDP), microplane models, and accumulative-fatigue approaches. For
each group, the fundamental theoretical framework, fields of application, as well as the main advantages and
limitations are outlined. Such a structured representation makes it possible to quickly identify in which cases
the use of a particular approach is appropriate, as well as what potential challenges may arise during
modeling.

Comparison of Damage Models of Reinforced Concrete

Model Principle Parameters Strengths Weaknesses Applications
Continuum Damage | Scalar/tensor | Few Simple, efficient, Mesh Progressive
Mechanics (CDM) damage vari- (damage captures stiffness dependence, cracking in

ables reduce evolution degradation requires beams, slabs
stiffness due to | laws) regularization
microcrackin
Damage-Plasticity Combination of | Moderate Good for Parameter Structural
(e. g, CDPin plasticity and (plastic + compression / calibration members under
ABAQUS) damage damage tension difficult, monotonic /
(stiffness parameters) | asymmetry, cyclic | sensitivity issues | cyclic loads
reduction) loading
Microplane Models | Constitutive Many Captures Computationally | Complex 3D
(e. g., M4, M7) laws applied on | (orientation- | anisotropy, 3D expensive, problems,
multiple based effects, crack parameter-rich fracture
oriented planes | parameters) | orientation simulation
Fatigue / Damage accu- Empirical Good for long- Empirical, needs | Bridges, slabs,
Accumulative mulates per cycle| (fatigue term cyclic large long-term
Models (Palmgren — constants) loading, practical experimental service life
Miner type) for bridges data prediction

The comparison shows that each group of models occupies a specific application niche. CDM offers
simplicity of formalization and efficiency for general analysis, but it is vulnerable to the issue of mesh
dependence. CDP models are the most suitable for engineering practice due to their ability to balance
accuracy and computational complexity, although they require detailed parameter calibration. Microplane
models ensure high accuracy and account for anisotropy, but they demand significant computational
resources. Fatigue models are most useful for predicting durability under repeated loading, although they
remain predominantly empirical. Thus, the table highlights that the choice of model depends on the purpose
of analysis, ranging from fundamental research to practical engineering calculations.

Results and discussions

The analysis of existing damage models for reinforced concrete structures has demonstrated their
gradual evolution from phenomenological to advanced hybrid approaches. Continuum Damage Mechanics
(CDM) models effectively reproduce the overall stiffness degradation but remain sensitive to mesh
discretization parameters. Damage-plasticity (CDP) models have proven their practical value through
integration into commercial software packages and their ability to balance accuracy with computational
efficiency. Microplane models provide the highest accuracy in capturing anisotropic effects, yet they require
substantial computational resources and detailed calibration. Fatigue models remain indispensable for
predicting long-term durability under repeated loading, although their empirical nature limits universality.
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The discussion of the comparison results highlights the absence of a universal approach suitable for
all engineering tasks. The choice of model depends on the analysis objective: CDM is most appropriate for
conceptual studies, CDP for engineering calculations in design practice, microplane approaches for high-
precision scientific simulations, and fatigue models for long-term durability assessments. At the same time,
a current trend in research is the integration of classical physico-mechanical models with machine learning
tools, which reduces reliance on empirical assumptions and improves predictive capabilities under complex
operating scenarios.

Conclusions

The conducted review has confirmed the diversity of existing damage models for reinforced concrete
structures while also identifying key challenges associated with their application. Each group of models has
its unique advantages: CDM provides conceptual simplicity, CDP offers balanced accuracy and suitability
for engineering calculations, microplane approaches enable detailed descriptions of three-dimensional
material behavior, and fatigue models supply practical tools for long-term predictions. However, none of
these approaches can fully meet all the needs of engineering practice, which emphasizes the necessity of
developing combined and hybrid solutions.

A promising direction lies in the advancement of integrated models that combine physically based
approaches with machine learning methods capable of processing large volumes of experimental and field
data. Future research should be aimed at the standardization of calibration procedures, the creation of open
experimental databases, and the development of multiphysics simulations. Such progress will improve the
reliability of predictions, expand the applicability of damage models, and facilitate the implementation of
new tools in modern engineering practice.
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HanionanbHuii yHiBepcuret “JIbBiBCbKa MONITEXHIKA”,
kadeapa OymiBeIbHUX KOHCTPYKIIIH 1 MOCTIB

KJIACUYHI MOJEJII IOIIKOIKEHbD VIS 3AJII30OBETOHY:
TEOPIsA, 3ACTOCYBAHHSA TA OBMEKEHHSA

© Jletinexa B. M., Bezepa I1. I, Xminy P. €., 2025

VY crarti 37iHCHEHO OIS MOZIENEH MOIIKO/KEHHS 3a1i300€TOHHNX KOHCTPYKIIIH, SIKi € KITFOYOBUMH IS
MPOTHO3YBaHHSI 1XHBOI MIIHOCTI Ta JoBropiyHocti. Ilig wac ekcruryaramii crnopyad 3a3HaloTh il
OaratodakTOpHUX HaBaHTAXKEHb, AT PECUBHOTO CEpe/IoBUINA 1 Ie(eKTIB, 10 CIPUYHHSIE MIKPOTPILIMHH, JIOKAJIbHI
TIOIIKO/DKEHHS Ta BTPATy HECY4ol 31aTHOCTi. [IJ1st onmMcaHHs UX MPOLECIB iCHYE HU3Ka TEOPETUYHHX 1 YMCIIOBHX
MoyIeNieH, 10 BiZPi3HSIOTHCS MATEMATUYHIMH IT1AX0JaMH, TIPAKTUYHAUMH MOMITUBOCTSIMU Ta OOUYHCITFOBAIBHUMH
BUTparamMu. Y poOOTi CUCTEMAaTH30BaHO YOTHPY OCHOBHI TPYIH: KOHTHHYyaJIbHA MeXaHika nomkomkers (CDM),
MoyIeNTi OIKO/pKeHHs — IiactuyHicTh (CDP), MikporiaHapHi Ta HAKONIMYyBaJIbHO-BTOMHI MOJIEITI.

CDM € 0a30BUM iHCTPYMEHTOM IS ONIMCAHHS JIeTpajallii >KOPCTKOCTI Ha MaKpOpIBHI, aje 0OMeXeHHH
JoKai3amiero aedopmariii i 3aiexHictio Bif auckperusanii. CDP moenHylOTh IIACTHYHICTD 1 MOMIKOMKEHHS,
OIKCYIOYH aCHMETPII0 TIOBEIIHKN OETOHY ITijl Yac CTHCKaHHS 1 po3Tsry. BoHM MMpOKO BIPOBa/DKEH] Y MpOrpaMHi
KOMIUICKCH 1 Hai3aTpeOyBaHIlll y MPOEKTYBaHHI. MIKpOIUIaHApHI MOJENTI 3a0e3euyoTh HAMBHUIIY TOYHICTH
BIJITBOPEHHSI aHI30TPOIMHUX €(EKTIB Ta CKIIAJHUX TPUBUMIPHUX CTaHIiB, ajie MOTPEOYIOTh 3HAUYHHUX PECYPCIB i
BEJIMKOTO 00CSTY eKCIEePUMEHTAIILHOIO KalliOpyBaHHS, MO OOMEXYe iX BHKODUCTaHHA Yy 3BHYANHHX
po3paxyHKax. BTOMHI MojieIi 3aMIIar0ThCs He3aMiHHUMH JUTS OLiHIOBAHHSI JOBMOBIYHOCTI i Yac il IMKITIYHIX
HaBaHTa)KEHb, X0U IPYHTYIOTHCS OLIbIIIE Ha EMITIPHYHUX 3AJIEKHOCTSIX, [0 3HWKYE IX YHIBEPCAIBHICTb.

XomHa i3 Moneneld He € yHiBepcaJbHOW. BHOIp 3aJeXUTh BiJl METH: IS KOHLENTYaJbHUX OLIIHOK —
CDM, mns mnpoextyBanHs — CDP, mis BHCOKOTOYHOI cUMYJsimii — microplane, st TpOrHO3yBaHHS
JIOBrOBIYHOCTI — BTOMHI. [lojanbimii po3BUTOK TOB’sI3aHUM 13 iHTErpati€ero (iznko-MexaHiYHUX MiAXOAIB 13
IU(POBUMHU TEXHOJIOTISIMU, 30KpeMa MaIlMHHUM HABYaHHIM 1 MYJIbTU(I3HYHUMHU CHUMYJIALISMU, IO 3a0e3-
MIEYUTh TOYHICTh IIPOTHO3IB 1 CTBOPSHHS YHi(DIKOBAHUX IHCTPYMEHTIB PO3PaXyHKY.

KurouoBi cioBa: Moneni NMOIKOIXKeHb, 3a7i300eTOHHI KOHCTPYKUii, KOHTHHYaJbHA MeXaHika
MOLIKO/I:KeHb, MO/eJIi MOIIKOIKEHHS — IVIACTHYHICTh, MIKPOILUIAHAPHI Mo/, HAKONMMYYBAJIbHI MojaeJti
MOIIKO/KEHb.



