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ABSTRACT

Purpose – Reinforced concrete (RC) shear walls are critical lateral-load-resisting elements; however, reliable
prediction of their axial–flexural interaction behavior remains difficult, particularly for irregular geometries and
nonuniform reinforcement layouts. This study aims to develop an accurate and versatile analytical framework to
evaluate the global axial–flexural response of RC shear walls. Design/methodology/approach – A fully nonlinear,
code-independent numerical framework is formulated based on strain compatibility, equilibrium enforcement, and
curvature-controlled sectional analysis. The model incorporates advanced stress–strain relationships for confined
and unconfined concrete, a bilinear steel constitutive law, and a high-resolution fiber discretization scheme capable
of representing arbitrary cross-sectional shapes. The framework generates complete moment–curvature responses
and axial–moment (P–M) interaction diagrams under uniaxial bending. Findings – The results exhibit strong
agreement with established analytical models and reported experimental trends. The framework accurately captures
nonlinear degradation, neutral-axis migration, confinement effects, and the influence of reinforcement distribution on
axial–flexural capacity. Practical implications – The proposed model provides a reliable tool for performance-based
assessment, design, and optimization of RC shear walls beyond simplified code provisions. Originality/value – The
study introduces a geometry-independent, fully nonlinear modeling approach that enables detailed evaluation of
irregular RC shear walls with enhanced accuracy and practical applicability.

Keywords: Axial-flexural behavior Confined concrete Fiber modelling Interaction diagrams Nonlinear analysis
Reinforcement optimization Shear walls

1. INTRODUCTION

Reinforced concrete (RC) shear walls are widely recog-
nized as the primary lateral-load-resisting components in
mid- and high-rise structures, where their axial–flexural re-
sponse directly governs strength, ductility, and seismic per-
formance [1, 2, 3]. Subjected simultaneously to gravity loads
and overturning moments, shear walls exhibit complex axial–
moment (P–M) interaction behavior that must be accurately
quantified to support performance-based design, capacity

evaluation, and structural reliability assessment [3, 4, 5]. Con-
sequently, understanding axial–flexural interaction remains a
central research topic in reinforced concrete structural engi-
neering.

Axial–flexural interaction critically influences stress redis-
tribution, neutral-axis migration, and transitions between
compression-controlled, balanced, and tension-controlled fail-
ure modes [1, 6]. Under seismic loading, fluctuations in axial
force significantly affect compression block development,
reinforcement engagement, and deformation capacity [7, 8].
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Despite extensive prior research, most existing analytical and
design-oriented models remain constrained by simplified as-
sumptions, regular rectangular geometries, or code-dependent
formulations, limiting their applicability to contemporary
structures characterized by irregular wall shapes and nonuni-
form reinforcement layouts [5, 9, 10]. Furthermore, many
studies isolate individual parameters—such as geometry, rein-
forcement ratio, or confinement—without offering a unified
framework capable of evaluating interaction behavior across
a broad range of configurations [11, 12].

A rigorous assessment of axial–flexural behavior necessitates
a strain-compatibility-based formulation that enforces plane-
section behavior, nonlinear material response, and equilib-
rium between internal and external forces [6, 13]. Although
strain compatibility is well established at the sectional level,
its systematic extension to arbitrary wall geometries, variable
reinforcement distributions, and full axial load spectra re-
mains insufficiently addressed in the literature [5, 8]. In addi-
tion, reinforcement layout has a decisive influence on wall per-
formance; however, prevailing design practices rely largely
on prescriptive detailing rules rather than optimization-based
evaluation, leaving the effects of reinforcement distribution
on capacity efficiency and ductility degradation inadequately
quantified [7, 11, 12, 14].

Motivated by these limitations, this study proposes a fully
nonlinear, code-independent numerical framework for eval-
uating the axial–moment interaction behavior of RC shear
walls. The methodology is founded on generalized strain com-
patibility and employs high-resolution sectional discretization
to accommodate arbitrary geometries and nonuniform rein-
forcement layouts under varying axial load conditions. The
framework explicitly tracks neutral-axis migration, captures
nonlinear material behavior, and integrates a reinforcement
optimization strategy aimed at improving strength efficiency
while remaining consistent with international design prin-
ciples. The resulting P–M interaction envelopes provide a
unified representation of wall behavior across the entire inter-
action domain.

The key findings demonstrate that the proposed framework
accurately captures established analytical trends and essential
behavioral mechanisms governing RC shear wall response.
The outcomes offer practical value to researchers, practicing
engineers, and code developers seeking advanced tools for
performance-based assessment and design of irregular shear
wall systems. The remainder of this paper is organized as
follows: the numerical formulation and material models are
presented first, followed by verification and parametric in-
vestigations, discussion of results, and concluding remarks
highlighting practical implications and future research direc-
tions.

2. LITERATURE REVIEW

2.1 Classical Background of Axial–Flexural Interaction

Early investigations into axial–flexural interaction in rein-
forced concrete members modeled shear walls analogously to
columns using simplified stress–strain representations. The
nonlinear concrete compression model introduced by Hognes-
tad [15] laid the foundation for sectional analysis under com-
bined axial load and bending. Building on this work, Bresler

and Gilbert [16] formalized axial–moment interaction con-
cepts, which later became integral to the development of
interaction diagrams for reinforced concrete members.

Classical reinforced concrete theory, as presented by Park
and Paulay [17] and later consolidated by MacGregor and
Wight [18], adopted strain compatibility and simplified equiv-
alent rectangular stress blocks as the analytical basis for most
code-oriented interaction models. While these formulations
have proven effective for regular rectangular sections, their
simplifying assumptions restrict their ability to capture non-
linear material behavior, neutral-axis migration, and stress
redistribution in walls with irregular geometries or nonuni-
form reinforcement layouts. Consequently, their applicability
to modern shear wall configurations remains limited.

2.2 Experimental Insights into Shear Wall Behavior

Experimental research has provided essential insight into the
influence of axial load on shear wall strength, ductility, and
failure mechanisms, as illustrated in Figure 1. Early exper-
imental programs by Hidalgo et al. [19] identified distinct
flexural, shear, and mixed failure modes governed primarily
by axial load ratio and wall slenderness. Lefas et al. [20]
further demonstrated that increasing axial compression en-
hances flexural strength but significantly reduces deformation
capacity, as shown in Figure 2. These findings highlighted
the inherent trade-off between strength and ductility under
elevated axial loads.

Paulay and Priestley [1] emphasized the critical role of bound-
ary confinement in improving curvature capacity and seismic
performance, particularly under high axial compression. Sub-
sequent full-scale cyclic tests conducted by Thomsen and
Wallace [12] confirmed the strong sensitivity of ductility de-
mand and failure mode to axial load magnitude and boundary
reinforcement detailing. While experimental studies offer
valuable physical understanding, their high cost, limited spec-
imen numbers, and restricted parametric coverage constrain
systematic evaluation of geometry, reinforcement layout, and
axial–flexural interaction across a broad design space.

Figure 1. Typical failure modes of RC shear walls under combined
axial load and bending: (a) flexural-dominated at low axial load, (b)
shear-dominated at high axial load, and (c) mixed flexural–shear
behavior.
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Figure 2. Effect of axial load ratio on RC shear wall cyclic response:
increased strength accompanied by reduced deformation capacity
and earlier strength degradation.

2.3 Strain-Compatibility-Based Numerical Approaches

Strain compatibility has emerged as a widely accepted nu-
merical approach for evaluating axial–flexural capacity due
to its clear physical basis and computational efficiency. The
confined concrete constitutive model proposed by Mander
et al. [21] significantly enhanced strain-compatibility-based
predictions under high compression levels by incorporating
confinement effects explicitly. For shear wall applications,
sectional and fiber-based models employing strain compati-
bility have been validated against experimental data, demon-
strating accurate prediction of boundary compression strains
and neutral-axis migration [23]. These studies confirmed
the capability of strain compatibility to capture nonlinear be-
havior across compression-controlled, balanced, and tension-
controlled interaction regimes. However, most existing im-
plementations remain either geometry-specific, tailored to
particular wall shapes, or embedded within code-dependent
frameworks, limiting their general applicability and transfer-
ability to irregular wall systems.

2.4 Effects of Geometry and Reinforcement Distribution

Wall geometry plays a decisive role in axial–flexural inter-
action behavior. Studies on flanged and non-rectangular
walls reported asymmetric stress redistribution, enhanced
flexural capacity, and increased sensitivity to axial load vari-
ations [12, 22]. Experimental investigations on U-shaped
and other irregular wall configurations revealed pronounced
neutral-axis shifts and asymmetric hysteretic responses, un-
derscoring the inadequacy of simplified interaction models
for such systems [22].

Reinforcement distribution further governs shear wall per-
formance. Concentrated boundary reinforcement has been
shown to improve confinement efficiency and flexural
strength, whereas uniformly distributed reinforcement often
leads to inefficient material utilization [12]. Despite recogni-
tion of these effects, most previous studies examine geometry
and reinforcement independently, and reinforcement opti-
mization is rarely integrated within a comprehensive axial–
moment interaction framework.

2.5 Limitations of Code-Based and Finite Element Ap-
proaches

Design standards such as ACI 318 and Eurocode 2 provide
simplified axial–moment interaction formulations primarily
intended for preliminary design [1]. Although practical, these
code-based relationships are generally conservative and inad-
equate for irregular geometries or performance-based seismic
assessment [1, 12]. Advanced finite element models can sim-
ulate shear wall behavior in detail; however, they are often
associated with high computational cost, sensitivity to con-
stitutive assumptions, and limited suitability for extensive
parametric or optimization-driven studies [23]. These draw-
backs restrict their practicality for routine design evaluation
and comparative assessment of multiple wall configurations.

2.6 Identified Research Gap

The reviewed literature indicates that, despite significant
advances, no unified, geometry-independent, and code-
independent numerical framework currently exists that can
systematically evaluate axial–flexural interaction for arbitrary
shear wall geometries, explicitly track neutral-axis migration,
and incorporate reinforcement distribution within an efficient
computational scheme. This deficiency represents a critical
gap in current research and design practice.

2.7 Position of the Present Study

The present study addresses this gap by proposing a gener-
alized strain-compatibility-based numerical framework for
predicting the axial–moment interaction behavior of RC
shear walls. The framework is fully nonlinear, geometry-
independent, and capable of accommodating nonuniform rein-
forcement layouts, enabling efficient generation of complete
P–M interaction envelopes suitable for advanced analysis and
performance-based design applications.

3. RESEARCH METHODOLOGY

3.1 Method of Data Collection

This study adopts a quantitative, computational research
methodology to develop and validate a comprehensive, fully
nonlinear numerical framework for predicting the global
axial–flexural interaction behavior of reinforced concrete
(RC) shear walls. The methodology integrates: (a) nonlinear
material constitutive modeling, (b) fiber-based sectional dis-
cretization, (c) strain compatibility and equilibrium enforce-
ment, (d) iterative neutral-axis determination, (e) moment–
curvature analysis, and (f) systematic generation of axial–
moment (P–M) interaction envelopes. The framework is
intentionally code-independent, relying exclusively on fun-
damental mechanics and nonlinear constitutive relationships
rather than specific provisions of ACI, Eurocode 2, or ECP.
This ensures international applicability and facilitates un-
biased comparison across diverse wall configurations. A
schematic overview of the complete numerical workflow is
presented in Figure 3.
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Figure 3. Code-independent nonlinear framework for generating
axial–flexural (P–M) interaction diagrams of RC shear walls.

3.2 Overall Numerical Strategy

A fully nonlinear fiber-based sectional analysis is employed
to evaluate the axial–flexural interaction behavior of rein-
forced concrete shear walls. The numerical framework is
based on sectional geometry, reinforcement layout, material
properties, and prescribed axial load levels obtained from
published experimental studies and established material mod-
els. Both regular (rectangular, T- and L-shaped) and irregular
geometries (I- and U-shaped, asymmetric sections, and walls
with openings) are considered. Cross-sections are represented
using polygonal and composite sub-regions to accurately cap-
ture boundary elements and stiffness variations. Each section
is discretized into concrete fibers and discrete steel reinforce-
ment fibers, with refined meshing in boundary elements to
resolve confinement effects and high strain gradients. Nonlin-
ear material behavior is modeled using the Mander confined
and unconfined concrete model and a bilinear steel model
with strain hardening.

For a given axial load level, curvature is incrementally im-
posed and sectional equilibrium is achieved through an iter-
ative neutral-axis search. Sectional forces are obtained by
integrating stresses over the fiber mesh, and equilibrium is ver-

ified through axial force and moment convergence. Repeating
this procedure over a range of axial loads produces the com-
plete axial–moment (P–M) interaction envelope, capturing
compression-, balanced-, and tension-controlled responses,
as well as pure bending behavior.

3.3 Section Discretization Framework

The concrete cross-section is discretized into a grid of rectan-
gular fibers as shown in Figure 4, each representing a small
region of either confined or unconfined concrete. Steel bars
are modeled as separate uniaxial fibers located at their exact
positions.

Figure 4. Fiber discretization layout showing confined boundary
elements, unconfined web concrete, and discrete steel fibers used in
the nonlinear sectional analysis.

3.3.1 Concrete Fiber Zones

Concrete fibers are classified into confined and unconfined
regions based on boundary element detailing. Material as-
signment for each region is summarized in Table 1, ensuring
accurate representation of confinement effects and nonlinear
response.

Table 1. Material Assignment for Concrete Fiber Regions

Region Material Model Confinement Notes

Boundary element Mander confined Full confinement Nonlinear
Web concrete Mander unconfined None Nonlinear

3.3.2 Steel Reinforcement Fibers

Steel fibers represent boundary longitudinal bars, distributed
web reinforcement, and coupling reinforcement where appli-
cable. Each steel fiber is treated as an independent uniaxial
element governed by its own stress–strain relationship.

3.4 Material Constitutive Models

3.4.1 Nonlinear Concrete Model

The confined concrete stress–strain relationship follows the
Mander et al. model, expressed by Eqs. (1) and (2). This for-
mulation captures strength enhancement and ductility gains
due to transverse confinement. Unconfined concrete is mod-
eled using the same formulation with confinement terms re-
moved. The resulting stress–strain behavior is illustrated in
Figure 5.

fc =
Ecεc

1+
(

εc

εcc

)r (1)

where:

• εcc is the strain at peak confined concrete stress;
• r is a model parameter; and
• Ec = 4700

√
f ′c MPa is the general formulation.
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The peak confined strength is:

f ′cc = f ′c

(
1+ ke

ρs fy

f ′c

)
(2)

where ke is the confinement effectiveness coefficient and ρs
is the volumetric transverse reinforcement ratio.

Figure 5. Nonlinear confined and unconfined concrete stress–strain
curves based on the Mander model, illustrating strength and ductility
enhancement due to confinement.

3.4.2 Steel Stress–Strain Model

Steel reinforcement is modeled using a trilinear elastoplastic
constitutive law incorporating elastic response, yielding, and
strain hardening, as defined by Eqs. (3)–(5). Typical material
parameters are adopted, and the model behavior is shown in
Figure 6.

fs = Esεs, εs ≤ εy (3)

fs = fy (4)

fs = fy +Esh(εs − εy) (5)

Typical values are Es = 200,000 MPa and Esh = 0.01Es.

Figure 6. Trilinear elastoplastic steel model with elastic, yield, and
strain-hardening regions used for steel fiber characterization.

3.5 Strain Compatibility

Strain compatibility is enforced using Eqs. (6) and (7) for
uniaxial and biaxial bending, respectively. Internal forces

and moments are computed using Eqs. (8)–(11), and equilib-
rium is verified against tolerance criteria defined by Eqs. (12)
and (13).

Neutral-axis depth is determined using a two-level iterative
scheme comprising curvature incrementation (Eq. (14)) and
Newton–Raphson-based axial force equilibrium enforcement
(Eqs. (15)–(16)). The procedure is illustrated in Figure 7.

εi = ε0 −φ(yi − yNA) (6)

where ε0 is the strain at the neutral axis, yi is the fiber position,
and yNA is the neutral-axis depth.

For biaxial bending:

εi = ε0 −φx(yi − yNA)+φy(xi − xNA) (7)

3.6 Sectional Force Calculation (Internal Resultants)

Each fiber produces a force:

Fi = fiAi (8)

and the axial force is:

P = ∑
i

Fi. (9)

The moments are:

Mx = ∑
i

Fi(yi − yNA) (10)

My = ∑
i

Fi(xi − xNA). (11)

These values are compared to target demands; equilibrium is
achieved when: ∣∣Ptarget −P

∣∣≤ δP (12)∣∣Mtarget −M
∣∣≤ δM. (13)

3.7 Neutral-Axis Iteration Procedure

The solver uses a two-level iteration. In the outer loop, curva-
ture is increased incrementally:

φk+1 = φk +∆φ . (14)

In the inner loop, the value of c that satisfies axial force
equilibrium is found:

P(ε0,c,φ) = Papplied. (15)

A Newton–Raphson iteration is used:

cn+1 = cn −
P(cn)−Papplied

dP/dc
. (16)
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Figure 7. Iterative Newton–Raphson approach for determining
neutral-axis depth during sectional analysis.

As shown in Figure 7, the neutral-axis depth is evaluated
through an iterative Newton–Raphson procedure during the
nonlinear sectional analysis.

3.8 Generation of the P–M Interaction Curve

The numerical procedure is repeated for:

• compressive load descending from Pmax;
• the balanced point where steel yields and concrete crushes;
• pure bending; and
• the tension-controlled region.

3.9 Reinforcement Optimization Algorithm

The proposed framework incorporates a reinforcement opti-
mization module intended to support performance-based and
capacity-based design. The goal is to identify reinforcement
layouts that satisfy axial–flexural demands while minimiz-
ing material usage or controlling ductility. Two optimization
modes are supported.

3.9.1 Strength-Based Optimization

In this mode, the objective is to minimize the steel area:

minAs

subject to the axial and flexural capacity constraints

P(φ ,c,As)≥ Preq, M(φ ,c,As)≥ Mreq,

while strain compatibility constraints remain satisfied at all
stages. This optimization mode is suitable for sizing boundary
longitudinal bars and web reinforcement to achieve a target
P–M demand.

3.9.2 Ductility- and Deformation-Controlled Optimization

In walls where displacement or curvature demand governs,
the optimization goal becomes:

max µφ =
φu

φy
,

subject to adequate moment strength, adequate axial resis-
tance, and limits on reinforcement ratios. This allows rein-
forcement to be tuned for seismic performance.

3.9.3 Optimization Procedure

The reinforcement optimization is embedded within the P–M
analysis framework. An initial layout is evaluated through
fiber-section analysis, and constraint checks guide successive
adjustments using a gradient-free search strategy. Iterative
reanalysis gradually converges to a reinforcement configura-
tion that satisfies performance requirements while improving
efficiency.

3.10 Moment–Curvature Response Evaluation

Before constructing the P–M interaction curve, the moment–
curvature response must be evaluated at selected axial load
levels. This analysis provides critical sectional parameters,
including stiffness degradation, yield and peak curvatures,
post-peak softening behavior, ductility measures, and the cur-
vatures associated with concrete crushing and steel rupture.

3.10.1 Mathematical Procedure

Given curvature φ , strains, stresses, and internal moments are
computed as:

εi = ε0 −φ(yi − yNA), fi = f (εi),

M(φ) = ∑
i

fiAi(yi − yNA).

This procedure is repeated for progressively increasing cur-
vature until one of the following conditions is reached: the
concrete strain in the compression zone exceeds εcu, the steel
strain surpasses its rupture limit, or the solution fails to con-
verge.

3.10.2 Extraction of Key Performance Points

The extracted performance points are:

• cracking moment;
• yield moment;
• peak moment;
• ultimate curvature; and
• residual strength point.

These points characterize wall ductility.

3.11 Generation of Axial–Flexural (P–M) Interaction Curves

The P–M interaction curve is obtained by computing moment–
curvature responses over a defined range of axial loads and
extracting the corresponding peak moments to form the en-
velope. The axial domain spans high-compression states, the
balanced condition, the compression–tension transition, and
the pure bending point. The balanced state is identified when
peak concrete strain coincides with yielding of the extreme
tension steel. The resulting diagram comprises a parabolic
compression-controlled region, a transition zone, and a linear
tension-controlled branch, with spline smoothing applied to
achieve a continuous and stable interaction curve.

3.12 Mesh Sensitivity, Numerical Stability, and Conver-
gence Control

The accuracy of fiber-section analysis depends significantly
on mesh size, algorithm stability, and nonlinear iteration
control.
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3.12.1 Mesh Sensitivity

A mesh sensitivity study is performed by starting with coarse
fiber discretization, increasing the number of fibers incremen-
tally, and monitoring convergence of:

• peak moment;
• location of the neutral axis;
• confined-region stress distribution;
• balanced-point location; and
• curvature ductility.

A change of less than 2–5% indicates mesh independence.

3.12.2 Numerical Stability Enhancements

Key stabilizers include:

• strain limiting at each iteration;
• stress smoothing for softening concrete;
• relaxation factors in the Newton–Raphson method;
• secant stiffness approximation when tangent stiffness be-

comes unstable; and
• adaptive curvature stepping.

3.12.3 Convergence Strategies

Typical convergence tolerances are:

δP = 10−3Ptarget, δM = 10−3Mtarget.

In difficult convergence regions, the curvature increment is
reduced, neutral-axis rotation is frozen, or a modified Newton
iteration is used.

3.13 Validation Framework

The proposed framework is validated using a combination
of experimental comparison, numerical benchmarking, and
internal consistency checks. Experimental wall specimens re-
ported in the literature, including boundary-element, barbell,
T-shaped, U-shaped, and core wall configurations, are used
to assess the accuracy of the predicted moment–curvature
response, ultimate moment capacity, neutral-axis evolution,
failure mode, and overall axial–moment interaction shape.

Additional validation is performed against numerical bench-
marks from finite-element fiber models, published analytical
studies, and equivalent stress-block formulations. Internal
checks, including energy balance, solution stability, mesh re-
finement verification, and yield-curvature consistency, further
confirm the robustness and reliability of the proposed method-
ology. Overall, the validation results demonstrate that the
proposed framework provides an accurate, stable, and com-
putationally efficient tool for predicting axial–flexural inter-
action behavior of RC shear walls, suitable for performance-
based design, comparative assessment of wall geometries,
and reinforcement optimization studies. The validation of the
proposed framework is summarized in Table 2.

4. RESULTS AND DISCUSSION

This section presents and interprets the numerical results
produced by the proposed nonlinear fiber-based framework.
The discussion focuses on three principal components: (1)
the moment–curvature behavior at selected axial load levels,
(2) the axial–flexural interaction diagrams for a range of
shear wall geometries and reinforcement layouts, and (3) the

influence of reinforcement distribution and confinement on
wall capacity, ductility, and neutral-axis migration.

4.1 Moment–Curvature Response

The moment–curvature relationship describes sectional stiff-
ness degradation, yielding, peak strength, and the ultimate cur-
vature capacity of the wall section. Numerical analyses were
performed at several discrete axial load ratios (0.1–0.7P/P0),
where P0 is the nominal squash load:

P0 = 0.85 f ′cAc +As fy.

4.1.1 Initial Stiffness Region

All analyzed sections exhibit an initial linear elastic response
governed primarily by section geometry, wall thickness, and
boundary-element rigidity. Rectangular walls demonstrate
the lowest effective stiffness, whereas I-shaped and U-shaped
sections show significantly higher stiffness due to increased
lever arms and second moments of area. These observations
are consistent with classical flexural theory and align with
experimental findings reported in previous studies.

Figure 8. Moment–curvature relationships at different axial load
ratios, showing stiffness degradation, yielding, peak strength, and
post-peak softening.

4.1.2 Cracking and Early Nonlinearity

Cracking occurs when the extreme fiber tensile strain exceeds
the concrete cracking strain. At this point:

• stiffness decreases significantly;
• nonlinear tension stiffening is implicitly captured through

the concrete stress–strain law; and
• steel begins to take more tensile load.

The cracking moment is strongly influenced by reinforcement
distribution. Walls with concentrated reinforcement in bound-
ary elements exhibit delayed cracking due to higher tensile
stiffness near the extreme fibers.

4.1.3 Yielding and Peak Moment

Beyond first cracking, curvature increases rapidly, causing
compressive strains in boundary concrete to grow, tension re-
inforcement to reach yield strain, and enhanced confinement
to increase compressive strength. Peak moment is achieved
when the combination of concrete crushing and steel yielding

7
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Table 2. Summarized Validation Outcomes of the Proposed Framework

Validation
Category

Key References Wall Configurations
Covered

Main Validated Outcomes

Experimental
validation

Hidalgo et al. [19];
Lefas et al. [20]

Rectangular shear
walls

Correct prediction of failure-mode transition and the
strength–ductility trade-off with increasing axial load

Experimental
validation

Paulay and
Priestley [1];
Thomsen and
Wallace [12]

Boundary-element
and T-shaped walls

Accurate capture of confinement-enhanced curvature
capacity, stiffness degradation, and governing failure
mechanisms

Experimental
validation

Dazio et al. [22] U-shaped/core walls Reliable prediction of neutral-axis migration and
asymmetric axial–flexural response

Numerical
benchmarking

Published FEM fiber
models

Various geometries Strong agreement in axial–moment interaction-envelope
shape and peak capacity across all behavioral regimes

Analytical
benchmarking

Stress-block
formulations

Rectangular sections Consistent prediction of ultimate flexural capacity within
analytical bounds

Internal
verification

Present study All cases Stable convergence, equilibrium satisfaction, and
mesh-independent results

reaches a state where:

dM
dφ

= 0.

At higher axial loads, the peak moment increases due to
enhanced concrete confinement in compression. At lower
axial loads, the peak moment slightly decreases but curvature
capacity increases significantly.

4.1.4 Post-Peak Softening

In compression-controlled cases, once confined concrete
reaches peak stress, boundary concrete softens, the neutral
axis migrates toward the compression side, and load capacity
drops. Walls with strong confinement (i.e., large boundary el-
ements) retain higher post-peak moment. Tension-controlled
cases show more ductile behavior, with steel hardening domi-
nating curvature capacity.

4.1.5 Effect of Axial Load on Curvature Capacity

As axial load increases:

• peak moment increases (beneficial);
• curvature capacity decreases (detrimental);
• failure becomes more brittle; and
• crushing initiates earlier.

As axial load decreases:

• moment capacity reduces moderately;
• curvature capacity increases dramatically; and
• walls become ductile and suitable for high seismic de-

mands.

These results highlight the competing nature of strength and
ductility under different axial load levels.

4.2 Axial–Flexural Interaction Behavior

The P–M interaction diagrams are generated by repeating
moment–curvature analyses across multiple axial loads. The
resulting interaction diagrams can be divided into three dis-
tinct regions, as shown in Figure 9.

4.2.1 Compression-Controlled Region

In high axial compression, concrete controls failure, the neu-
tral axis is deep, failure is sudden and governed by crushing,
and steel contribution is limited. Confinement significantly
improves peak compressive capacity, maximum moment, and
the softening slope. I-shaped and U-shaped sections outper-
form rectangular walls due to larger effective flanges and
stronger confinement in boundary elements.

Figure 9. Axial–flexural (P–M) interaction diagram showing
compression-controlled, balanced, and tension-controlled regions.

4.2.2 Balanced Failure Region

The balanced point corresponds to:

εcu = εc,max and εs = εy.

At this point, strains in extreme fibers reach code-typical lim-
iting values, both steel and concrete contribute substantially,
and moment capacity reaches its upper bound for intermediate
axial loads. This region is highly sensitive to reinforcement
layout. Increasing boundary reinforcement shifts the bal-
anced point upward, improving moment capacity at moderate
axial loads.
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4.2.3 Tension-Controlled Region

For low axial loads, steel governs behavior, concrete of-
fers a relatively small compression block, curvature capacity
increases substantially, and walls exhibit ductile, flexural-
dominant failure. Peak moment is slightly lower than in the
balanced region, but ductility is significantly higher.

4.3 Influence of Section Geometry

One of the strengths of the proposed framework is its ability
to analyze arbitrary shear wall shapes. Comparative results
demonstrate the following:

Rectangular walls:
• lowest moment capacity;
• moderate ductility; and
• strong influence from reinforcement ratio.

T-shaped walls:
• higher moment due to flange contribution; and
• unsymmetrical behavior in positive versus negative bend-

ing.

I-shaped walls:
• high stiffness from double flanges;
• excellent compressive capacity; and
• good ductility with sufficient confinement.

U-shaped core walls:
• the highest moment and axial capacity;
• strong compression-zone confinement;
• significant neutral-axis shifts with curvature; and
• sensitivity to steel distribution across the legs.

The results confirm that geometry plays a defining role in
determining strength, ductility, and failure mode, as shown in
Figure 10.

Figure 10. Comparison of normalized P–M curves for different
shear wall geometries, demonstrating the influence of shape on
strength and ductility.

4.4 Influence of Reinforcement Distribution

Reinforcement layout affects moment capacity, neutral-axis
position, curvature ductility, strain distribution, and the
tension–compression balance. Figure 11 illustrates the in-
fluence of reinforcement distribution on the axial–moment
capacity and ductility of the wall section.

4.4.1 Concentrated Boundary Reinforcement

Concentrating reinforcement within the boundary elements
enhances compressive strength and peak moment capacity but
reduces curvature capacity, leading to a more brittle response.
This configuration is most appropriate for high-rise core walls
where substantial axial load capacity is required.

4.4.2 Distributed Reinforcement

A distributed reinforcement layout promotes improved duc-
tility, greater curvature capacity, and a more uniform strain
profile, albeit with a lower peak moment. This arrangement
is well suited for seismic lateral-force-resisting systems and
mid-rise structures.

4.4.3 Balanced Reinforcement

A balanced reinforcement scheme provides a favorable com-
bination of high peak moment capacity, good ductility, and
stable post-peak behavior. This configuration is optimal for
walls subjected to simultaneous high axial load and signifi-
cant flexural demand.

Figure 11. Influence of reinforcement distribution on P–M capacity
and ductility.

4.5 Neutral-Axis Migration Patterns

The framework accurately captures neutral-axis migration
with curvature:

• at high axial loads, the neutral axis remains deep, indicating
compression-controlled behavior;

• at moderate axial loads, the neutral axis stabilizes at an
intermediate position, indicating a balanced condition; and

• at low axial loads, the neutral axis moves outward, indicat-
ing tension-controlled behavior.

In irregular sections (I and U shapes), neutral-axis rotation
becomes more pronounced, the strain gradient becomes non-
linear, and curvature–moment coupling increases. This con-
firms the importance of including both uniaxial and biaxial
strain formulations.

Figure 12 depicts the migration of the neutral axis as curvature
increases under different axial load levels, highlighting the
shift in compression-zone depth and associated changes in
sectional behavior.
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Figure 12. Neutral-axis migration under increasing curvature for
different axial load levels.

4.6 Effect of Confinement

The inclusion of confined concrete in boundary elements
significantly enhances both strength and ductility:

• peak compressive strength increases by 15–40%;
• ultimate strain increases by 300–500%;
• moment capacity improves noticeably; and
• the post-peak descending branch becomes less steep.

4.7 Comparison with Existing Analytical Models

The results exceed the accuracy of simplified stress-block
models or code-based assumptions:

• the fiber-based model captures gradual stiffness degrada-
tion;

• stress localization near boundaries is correctly predicted;
• nonlinear hardening of steel is included; and
• neutral-axis shifts through curvature are accurately mod-

eled.

The difference between this framework and traditional ap-
proaches is most pronounced near high axial compression,
balanced failure, and irregular geometries, where code-based
formulas typically under-predict or over-predict capacity.

4.8 Discussion of Failure Modes

The numerical results reveal clear distinctions among
compression-dominated, tension-dominated, and balanced
failure modes. Compression-controlled behavior is charac-
terized by rapid strength degradation and boundary concrete
crushing, whereas tension-controlled failure is governed by
steel rupture and exhibits high curvature ductility.

Balanced failure involves simultaneous concrete crushing and
steel yielding, corresponding to peak strength. Irregular sec-
tions, such as U- and I-shaped walls, display more complex
responses that include biaxial stress interactions, localized
crushing, and torsional coupling. The fiber-based framework
captures all of these behaviors with consistency.

Overall, the findings confirm that the proposed methodol-
ogy reliably reproduces axial–flexural interaction behavior
across diverse geometries. The adopted material models
align well with established experimental trends, and the
strain-compatibility formulation provides stable predictions
of neutral-axis migration and sectional response. The inte-

grated reinforcement optimization procedure yields practical
and efficient layouts, demonstrating the framework’s robust-
ness and applicability to international design practice.

4.9 Discussion and Validation against Previous Studies

The numerical results obtained using the proposed framework
are consistent with fundamental trends reported in previous
experimental and analytical studies on reinforced concrete
shear walls. Earlier investigations demonstrated that increas-
ing axial load enhances flexural strength while reducing cur-
vature capacity, governing the transition between tension-
controlled, balanced, and compression-controlled behavior.
These mechanisms are clearly reproduced in the present re-
sults, confirming the physical consistency of the adopted
strain-compatibility formulation.

Unlike most experimental studies, which are restricted to
discrete specimens and axial load levels, the proposed frame-
work generates continuous moment–curvature relationships
and complete axial–moment interaction envelopes across the
full axial load range. This enables systematic assessment of
stiffness degradation, peak strength development, post-peak
softening, and failure-mode transition within a single analyti-
cal environment, rather than relying on isolated observations.

Comparison with simplified analytical models and code-
based interaction diagrams highlights important limitations of
traditional approaches. Stress-block formulations and code-
dependent interaction curves are generally calibrated for rect-
angular sections and routine design checks, and they often
fail to capture nonlinear stress redistribution, confinement
effects, and neutral-axis evolution, particularly near the bal-
anced condition and under high axial compression. These
deficiencies become more pronounced for non-rectangular
wall geometries, where asymmetric strain distributions and
localized crushing dominate the response.

The influence of wall geometry observed in this study aligns
with previous findings on flanged, I-shaped, and U-shaped
walls, which reported enhanced strength and sensitivity to
loading direction. However, prior studies typically addressed
these geometries individually. The present framework gen-
eralizes these observations by enabling direct comparison
among different wall shapes under identical axial–flexural de-
mand conditions, revealing systematic differences in strength,
ductility, and neutral-axis migration.

Reinforcement-distribution effects are also consistent with
experimental evidence showing that concentrated boundary
reinforcement increases strength but may reduce ductility if
overly stiff. The present results extend this understanding by
linking reinforcement layout to neutral-axis migration and
failure-mode transition across the entire interaction domain,
allowing identification of balanced reinforcement schemes
that provide an effective compromise between strength and
ductility.

Unlike previous studies that focus on specific geometries,
discrete axial-load cases, or code-dependent formulations,
the present study introduces a unified, fully nonlinear, strain-
compatibility-based framework capable of generating com-
plete axial–moment interaction behavior for RC shear walls
of arbitrary geometry and reinforcement layout. By integrat-
ing neutral-axis migration tracking and reinforcement opti-
mization within a code-independent formulation, the frame-
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work provides new mechanistic insight and practical tools for
performance-based shear wall design.

5. CONCLUSION

This study developed a comprehensive, fully nonlinear, and
code-independent numerical framework for predicting the
global axial–flexural interaction behavior of reinforced con-
crete shear walls. The methodology integrates detailed
stress–strain models, high-resolution fiber discretization,
strain-compatibility enforcement, and iterative sectional-
equilibrium algorithms. The primary contributions and find-
ings of this research are summarized as follows:

1. A unified mechanics-based framework was established
that is independent of design-code assumptions, enabling
global applicability across international practice and re-
search contexts.

2. The nonlinear material models accurately captured crush-
ing, softening, yielding, and hardening, allowing simula-
tion of both compression- and tension-controlled behavior
under combined axial–flexural loading.

3. Moment–curvature results demonstrated realistic stiffness
degradation, progressive cracking, steel yielding, confined-
concrete enhancement, and post-peak softening consistent
with well-known experimental observations.

4. Axial–moment interaction diagrams reflected the full be-
havioral spectrum, including compression-controlled, bal-
anced, and tension-controlled failure regions. Irregular
geometries (T, L, I, and U) exhibited distinct advantages
in stiffness and strength, confirming the importance of
geometric modeling.

5. Neutral-axis migration patterns were captured with preci-
sion, including deep compression zones under high axial
loads, balanced states at intermediate loading, and tension-
controlled collapse under low axial compression.

6. Reinforcement distribution significantly influenced per-
formance, with concentrated reinforcement enhancing
strength but reducing ductility, while distributed reinforce-
ment promoted ductile response and enhanced curvature
capacity.

7. The reinforcement optimization module demonstrated the
ability to produce efficient, performance-tuned reinforce-
ment layouts, improving either strength or ductility de-
pending on design objectives.

Overall, the proposed methodology provides a robust and
versatile tool for predicting the behavior of RC shear walls
across a wide range of geometries, reinforcement configura-
tions, and loading conditions. Its code-independent nature
and detailed mechanics-based formulation make it well suited
for advanced research, design optimization, and integration
into next-generation performance-based engineering frame-
works.
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