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Abstract

Automated reinforcement modeling of variable-section special-shaped columns remains
challenging because sectional variation simultaneously affects longitudinal-bar trajecto-
ries and stirrup configurations. This study proposes a geometry-driven parametric BIM
method in which section dimensions and reinforcement-detailing parameters are mapped
to reinforcement control points. Longitudinal bars in stable regions are represented by two
endpoints, while those crossing the transition region are described using multi-control-
point trajectories. Stirrup coordinates are updated with elevation to maintain geometric
compatibility with inclined longitudinal reinforcement. The method was implemented in
Autodesk Revit 2020 using C# and the Revit API and applied to L-, T-, cross-, and Z-shaped
variable-section columns. Quantitative validation showed a mean spatial deviation of
0.161 mm across 264 representative control points, while the proposed workflow achieved a
mean case-specific modeling-time reduction of 93.03% compared with conventional manual
modeling. Reinforcement length and quantity outputs were also consistent with indepen-
dent calculations. An engineering application further illustrated the use of the proposed
workflow in a practical project context. The proposed framework provides an efficient and
extensible approach for coordinated reinforcement generation and BIM-based information
output in regular variable-section special-shaped columns.

Keywords: BIM; Revit API; parametric modeling; automated reinforcement detailing;
variable-section special-shaped column

1. Introduction

Building Information Modeling (BIM) has been widely adopted in the architecture, en-
gineering, and construction industry to integrate geometric and non-geometric information
throughout the building lifecycle [1,2]. In reinforced-concrete construction, BIM provides a
three-dimensional digital environment for structural design, reinforcement detailing, con-
structability assessment, and construction coordination [3,4]. Compared with conventional
two-dimensional drawings, BIM models can represent reinforcement geometry and spatial
relationships more intuitively, which is particularly valuable for structural members with
complex reinforcement configurations. However, reinforcement modeling still involves
substantial repetitive operations, and the modeling process becomes increasingly difficult
when the geometry of structural members changes along their height or when multiple
reinforcement constraints must be satisfied simultaneously. Variable-section columns are a
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representative case in which changes in cross-sectional geometry directly affect the posi-
tioning and trajectories of longitudinal rebars and stirrups, thereby increasing the difficulty
of efficient and accurate BIM-based reinforcement detailing [5].

Recent research has progressively extended BIM from conventional geometric represen-
tation toward parametric, rule-based, and automated modeling. Parametric BIM methods
have been developed for complex engineering structures and specialized components,
demonstrating the potential of explicit geometric parameters for automated model genera-
tion [6-8]. At the component level, intelligent modeling and self-adaptive reinforcement
plug-ins have shown that rule-based geometric relationships can reduce repetitive mod-
eling operations and allow reinforcement geometry to respond automatically to changes
in component dimensions [9,10]. Visual-programming approaches and parameterized
reinforcement-generation methods have further expanded computational BIM workflows
for geometrically complex structural components [11,12]. These studies indicate that BIM
is increasingly functioning as a computational environment in which structural geometry
can be generated and updated through explicit engineering rules.

In parallel with geometric automation, considerable attention has been given to
reinforcement-layout optimization and spatial conflict resolution. BIM-based reinforcement
optimization has been investigated for reinforced-concrete frames and floor systems [13,14].
Artificial-potential-field methods, Q-learning, and decomposed optimization algorithms
have subsequently been introduced to improve reinforcement arrangement and resolve
spatial conflicts [15-17]. More recent studies have incorporated evolutionary optimization
and graph-based learning into automated reinforcement detailing [18,19], while two-stage
optimization and learning-based approaches have been applied to generate clash-free re-
inforcement layouts [20,21]. These studies have substantially advanced reinforcement
optimization and clash avoidance; however, their primary focus is generally on optimiz-
ing or adjusting reinforcement layouts after the host geometry and basic reinforcement
configuration have been defined.

Beyond reinforcement-layout optimization, BIM-based reinforcement research has
increasingly extended toward information interoperability, fabrication, computational mod-
eling, and construction-process integration. Optimization methods have been combined
with BIM to support reinforcement cutting-stock planning [22]. BIM-based structural work-
flows have also been applied to reinforcement detailing and quantity take-off [23], while
related studies have emphasized interoperability and structured data management in struc-
tural BIM environments [24]. From the perspective of reinforcement information exchange,
the requirements of BIM platforms across the concrete reinforcement supply chain have been
investigated [25]. IFC-based approaches have subsequently been developed for automated
rebar fabrication [26] and for integrating cut-and-bent reinforcement information through-
out the supply chain [27]. More recent BIM-enabled workflows have further connected
digital reinforcement information with automated reinforcement and robotic construction
processes [28]. Visual-programming and computational-BIM studies have provided flexible
mechanisms for translating engineering logic into executable modeling procedures [29,30],
while research on rule classification has further supported the structured implementation of
automated checking workflows [31]. BIM-based data-driven approaches have also been ap-
plied to reinforcement process and supply-chain management [32], and design—construction
integration has been investigated to improve reinforcement-related cost and construction
efficiency [33]. Together with foundational work on automated rule-based checking [34],
these developments indicate that BIM is evolving from a visualization-oriented platform
into a computational environment capable of supporting automated geometric generation,
reinforcement-information integration, engineering rule implementation, fabrication, and
downstream construction applications.
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Reinforcement-specific downstream applications have meanwhile continued to develop.
BIM-based intelligent approaches have been proposed for reinforcement-layout optimization
in reinforced-concrete members [35], while automated bar-bending-schedule generation
has improved the extraction and organization of reinforcement fabrication information [36].
BIM has also been introduced into intelligent reinforcement construction and model-based
quantity calculation, strengthening information transfer from design to production [37,38].
At the fabrication stage, BIM-BVBS integration enables machine-readable reinforcement
information to be transferred from BIM models to prefabrication processes [39]. Other stud-
ies have focused on reducing reinforcement cutting losses and material waste [40,41], while
special-length and digital-twin-based strategies have extended BIM-supported reinforce-
ment management toward procurement and construction control [42,43]. These studies
have substantially advanced reinforcement information processing, fabrication support, and
construction-oriented management. However, comparatively less attention has been given
to the automatic geometric generation of reinforcement when sectional variation simultane-
ously affects longitudinal-bar trajectories and transverse-reinforcement boundaries.

Previous research has demonstrated the feasibility of applying BIM to reinforcement
modeling for variable-section columns [5]. Related component-level studies have addressed
prefabricated edge components [9], self-adaptive reinforcement [10], and non-uniform
spiral reinforcement [12]. These studies demonstrate the feasibility of API- and rule-based
reinforcement generation for variable-section or geometrically specialized structural com-
ponents. However, the geometric problem addressed in the present study differs in that
variations of the non-rectangular upper and lower sectional boundaries simultaneously
affect the spatial trajectories of longitudinal reinforcement and the boundary geometry of
transverse reinforcement.

According to JGJ 149-2017, special-shaped columns may adopt L-, T-, cross-, and
Z-shaped sections [44]. For these members, sectional variation cannot be represented solely
by updating isolated reinforcement positions because the same boundary change must
be propagated consistently to both longitudinal-rebar trajectories and stirrup geometry
within the transition region. The resulting problem therefore requires a unified formulation
linking sectional boundaries, reinforcement control points, spatial trajectories, and elevation-
dependent stirrup coordinates.

To address this problem, this study proposes a geometry-driven parametric reinforce-
ment modeling method based on explicit boundary-to-control-point mapping. Reinforce-
ment located in geometrically stable regions is represented by two endpoints, whereas
reinforcement crossing the variable-section transition is described by multiple control
points defining its piecewise spatial trajectory. The same sectional-boundary variation is
further propagated to the stirrup boundary as a function of elevation, thereby coordinating
longitudinal and transverse reinforcement within a common geometric framework.

The main contributions of this study are threefold. First, an explicit boundary-to-
control-point mapping method is developed for longitudinal reinforcement in variable-
section special-shaped columns, enabling sectional-boundary changes to be propagated
directly to reinforcement trajectories. Second, an elevation-dependent stirrup-generation
strategy is established in which the same sectional variation used to determine longitudinal-
rebar trajectories is propagated to stirrup boundaries, thereby maintaining geometric coordi-
nation between longitudinal and transverse reinforcement. Third, the proposed framework
is applied to L-, T, cross-, and Z-shaped columns and integrated with Revit Schedule
functions for reinforcement-information output and quantity take-off.
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2. Methods
2.1. Development Environment and Overall Workflow

The proposed parametric reinforcement modeling method was implemented in Au-
todesk Revit 2020 using C# and the Revit APL. All implementation and validation reported
in this study were conducted in Revit 2020. The control-point geometry is computed inde-
pendently of Revit-specific API calls; however, version-dependent interfaces, particularly
those related to free-form reinforcement generation, may require adaptation when the
workflow is migrated to newer Revit releases. A Windows Presentation Foundation (WPF)
interface was developed for parameter input and model execution. The overall framework
consists of four main stages: parameter definition, geometric computation, reinforcement
generation, and reinforcement-information extraction.

As illustrated in Figure 1, the geometric parameters of the special-shaped column and
the corresponding reinforcement-detailing parameters are first specified through the input
interface. A local geometric reference system is then established, and the control-point
coordinates of longitudinal rebars and stirrups are calculated according to the section geom-
etry, concrete cover, reinforcement diameters, and detailing constraints. For reinforcement
crossing the variable-section region, additional control points are introduced to describe
the spatial transition between the lower and upper column sections. Stirrup boundaries
within the same region are updated according to elevation so that their geometry remains
coordinated with the inclined longitudinal reinforcement.

. 2. Local Coordinate- . N 4. Reinforcement Control-
f finition Point Calculation

Geometric definition and control-point computation

8. Schedule-Based - | 6. Elevation-Dependent | 5. Longitudinal-Rebar
Information Output Stirrup Updating Trajectory Generation

Reinforcement instantiation and BIM information output

Figure 1. Overall workflow of the proposed parametric reinforcement modeling method.

The calculated reinforcement paths are subsequently converted into Rebar elements
through the Revit API. After geometric generation, reinforcement attributes are organized
through the Revit Schedule API to support quantity take-off and structured information out-
put. The resulting workflow establishes a continuous process from engineering-parameter
input to reinforcement geometry generation and BIM-based information extraction.

From the user perspective, interaction with the current implementation is primar-
ily limited to specifying the required geometric and reinforcement-detailing parameters
through the WPF interface and initiating model execution. Reinforcement control-point
coordinates and individual three-dimensional trajectories are calculated internally and do
not require manual definition by the user.

2.2. Parametric Definition and Coordinate-Based Geometric Framework

The proposed method adopts a parameter-driven representation of both column geom-
etry and reinforcement detailing. The principal geometric parameters include the sectional
dimensions of the lower and upper column segments, column height, beam—column joint
dimensions, and the height of the variable-section transition region. Reinforcement-related
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parameters include concrete cover, longitudinal-rebar diameter, stirrup diameter, anchorage-
or lap-related dimensions, and stirrup spacing requirements. These parameters jointly de-
fine the geometric constraints used to determine reinforcement positions.

Conceptually, the workflow can be separated into a geometric-generation layer and a
code-dependent detailing-rule layer. The geometric layer performs section-boundary iden-
tification, control-point calculation, trajectory construction, and stirrup-boundary updating,
whereas the detailing-rule layer supplies code-dependent constraints such as concrete cover,
reinforcement-spacing limits, anchorage or lap requirements, confinement provisions, and
bending requirements. The present implementation adopts the Chinese detailing provi-
sions used in this study; application under another regional standard would require the
corresponding rule set to be redefined and validated.

A local Cartesian coordinate system is established for each special-shaped column.
The column base is taken as the reference plane, with the horizontal coordinates describing
reinforcement positions within the cross-section and the vertical coordinate representing
elevation along the column height. Within this framework, reinforcement geometry is
represented through calculable control points rather than manually positioned BIM ele-
ments. In the present implementation, sectional variation is resolved along the local X- and
Y-directions, which is suitable for the regular variable-section geometries investigated in
this study.

The geometric behavior of longitudinal reinforcement is distinguished according to
whether the reinforcement is affected by sectional variation. Reinforcement located in
geometrically stable regions is represented by start and end control points because its
horizontal position remains unchanged along the relevant height. By contrast, longitudinal
rebars passing through the variable-section transition require additional control points to
describe the spatial change between the lower and upper sections. These points define a
piecewise trajectory consisting of the corresponding vertical and inclined segments.

Stirrup geometry is treated within the same coordinate framework. In constant-section
regions, the stirrup boundary remains unchanged and can be distributed vertically ac-
cording to the prescribed spacing. Within the variable-section transition, however, the
horizontal coordinates of the stirrup boundary are updated with elevation to accommo-
date the changing position of the inclined longitudinal reinforcement. This establishes a
direct geometric relationship between sectional variation, longitudinal-bar trajectories, and
stirrup boundaries.

Although the coordinate expressions differ among L-, T-, cross-, and Z-shaped columns
because of differences in limb arrangement, sectional symmetry, and variation direction, the
underlying computational sequence remains consistent: section-boundary identification, re-
inforcement control-point calculation, spatial trajectory construction, and stirrup-boundary
updating. The detailed coordinate derivations are presented in Section 3.

To improve parameter consistency, discrete reinforcement parameters are restricted
to predefined valid values within the graphical interface. This reduces the possibility of
inconsistent inputs entering the subsequent coordinate calculations while retaining sufficient
flexibility for different reinforcement configurations. The parameter-input interface is shown
in Figure 2.

In the present implementation, sectional variation is resolved along the local X- and
Y-directions, which is suitable for the regular variable-section geometries investigated in
this study.
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Figure 2. Graphical interface for parametric input of geometric and reinforcement-detailing parameters.

2.3. Revit API-Based Reinforcement Generation and Information Output

After the reinforcement control points have been determined, the corresponding ge-
ometric paths are constructed and converted into Rebar elements through the Revit APL
Straight longitudinal reinforcement is generated from line segments defined by two con-
trol points, whereas reinforcement crossing the variable-section transition is constructed
from piecewise paths connecting multiple control points. In this manner, changes in
section geometry are transferred directly to the reinforcement trajectory through the
calculated coordinates.

For reinforcement arrangements exhibiting geometric symmetry, representative bars
are generated first and the remaining reinforcement is obtained through successive mirror
operations, as illustrated for the T-shaped column. This symmetry operation is an optional
computational strategy rather than a prerequisite of the control-point formulation. For a
prescribed asymmetric reinforcement layout, the affected bars can instead be generated
independently from their corresponding section boundaries and control-point coordinates
without mirror replication.

Stirrups are generated from closed curves defined by the calculated boundary points.
In constant-section regions, the same stirrup geometry is distributed vertically according
to the prescribed spacing. Within the variable-section transition, the relevant boundary
coordinates are recalculated at each elevation before the corresponding stirrup is created.
Consequently, the stirrup geometry responds to the sectional transition together with the
longitudinal reinforcement rather than being treated as an independent fixed profile.

Following reinforcement generation, the proposed workflow integrates BIM-based
quantity extraction through the Revit Schedule APL The generated Rebar elements retain
structured attributes including bar type, diameter, length, strength grade, and quantity.
These attributes are retrieved programmatically and organized within a dedicated reinforce-
ment schedule, thereby converting the generated geometric model directly into structured
reinforcement information without repeated manual transcription.

This integration establishes a continuous information chain from section and reinforce-
ment parameters to control-point calculation, Rebar generation, and quantity output. The
resulting information can support reinforcement quantity take-off and material organiza-
tion. In Section 4, the extracted reinforcement length and quantity are further compared
with independently calculated values to evaluate the consistency between reinforcement
geometry and BIM-based information output. The calculated control points may also
provide a geometric basis for subsequent automated clash detection. Since consecutive
control points explicitly define the centerline trajectory of each reinforcement bar, the re-
sulting curves can be evaluated spatially against adjacent reinforcement and structural
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components. By considering the nominal bar radius together with a prescribed clearance,
potential conflicts can be identified using minimum-distance calculations, bounding-box
screening, or solid-intersection tests. If a clash is detected, the affected control points can
subsequently be treated as adjustable geometric variables and locally modified subject to
concrete-cover, clear-spacing, anchorage, and sectional-boundary constraints. Thus, the
control-point representation provides a direct geometric interface for future clash-detection
and avoidance algorithms, although automated clash resolution is beyond the scope of the
present study.

3. Parametric Generation of Reinforcement in Variable-Section
Special-Shaped Columns
3.1. Longitudinal Reinforcement Generation

According to JGJ 149-2017, special-shaped columns may adopt L-, T-, cross-, and
Z-shaped cross-sections. When the sectional dimensions vary along the column height,
the longitudinal reinforcement exhibits different geometric behaviors depending on its
position within the section. In this study, a T-shaped variable-section column is selected as
the representative case for deriving the coordinate relationships, and the same geometric
principles are subsequently extended to the other section configurations.

According to the influence of sectional variation, the longitudinal reinforcement is
classified into three categories: central longitudinal rebars, column-limb longitudinal rebars,
and structural longitudinal rebars. Central longitudinal rebars are located in regions whose
horizontal positions remain unchanged during the sectional transition and can therefore be
represented by straight trajectories. Column-limb longitudinal rebars are directly affected
by the dimensional variation between the lower and upper sections and require multiple
control points to describe their spatial trajectories through the transition region. Structural
longitudinal rebars are introduced where the spacing between adjacent principal rebars
exceeds the allowable detailing limit. This classification provides the geometric basis for
the coordinate formulations developed below.

3.1.1. Generation of Central Longitudinal Reinforcement

The central region of the representative T-shaped column is not directly affected by the
sectional variation considered in this study. Consequently, the longitudinal reinforcement
located in this region remains vertical and can be represented by two control points defining
the lower and upper ends of the bar.

For a general central longitudinal rebar, the coordinate-determination process can be
expressed as the following geometric mapping:

P, = F(G,R)

where P; denotes the control-point coordinates of the i-th reinforcement bar, G represents
the geometric parameter set of the column and beam—column joint, and R represents the
reinforcement-detailing parameter set. In the present study,

G == (b]/hll bz,hz,h,H,Hn,hC)

and

R = (C, dg, d[, llE)
where b, and h; denote the length and thickness of the horizontal limb of the T-shaped
column, respectively; b, and &, denote the length and thickness of the vertical limb, respec-

tively; h is the depth of the beam intersecting the column; H is the column height; H,, is
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the clear height of the column; and /. is the longer cross-sectional dimension of the col-
umn. The reinforcement-related parameters include the concrete cover thickness c, stirrup
diameter d,, longitudinal-rebar diameter d;, and seismic lap length ;¢ of the longitudinal
tensile reinforcement.

Figure 3 illustrates the geometric arrangement and coordinate definition of the central
longitudinal reinforcement. A T-shaped column is used as the representative case, and
longitudinal rebar G1 is selected to demonstrate the coordinate-determination procedure.

cover thickness

stirrup diameter | ( [;7 Ch)
y . [

(a) (b)

Figure 3. Geometric definition of central longitudinal reinforcement: (a) reinforcement arrangement;
(b) control points of rebar G1.

The start and end control points of rebar G1 are denoted by p;; and py,, respectively.
The coordinates of p;; are expressed as

Pun = (x1/y1/21)

The position of the reinforcement centerline is governed by the concrete cover and the
geometric relationship among the concrete boundary, stirrup, and longitudinal reinforce-
ment. Therefore, the X-coordinate of the start point is

d
0 =ctdg+ 5 (1)

Because the local coordinate origin is defined relative to the intersection of the horizon-
tal and vertical limbs of the T-shaped cross-section, the Y-coordinate of G1 is determined
from the lower boundary of the horizontal limb:

d
ylz—h1+c+dg+5l (2)

The vertical coordinate of the start point is determined from the lower concrete boundary:
zp=C+d, (3)

The end point p;, represents the upper termination point of G1 after the reinforcement
extends into the upper column. Because the central longitudinal reinforcement remains
vertical and is not affected by the sectional transition, the horizontal coordinates of p;; and
P12 remain unchanged:

Xy = Xq

Y=
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and only the vertical coordinate varies.
To determine the upper termination point of the longitudinal rebar, an auxiliary vertical
length L, is introduced as:

H,
L.= max(?,hc, 500 mm)

The Z-coordinate of the upper control point is then calculated as:
ZZ=H+LC+ZZE (4)

For subsequent coordinate calculations, the effective offset from the concrete surface
to the longitudinal-rebar centerline is defined as:

d
dC:c+dg+§l (5)

where ¢, dg, and d; denote the concrete cover thickness, stirrup diameter, and longitudinal-
rebar diameter, respectively.

The coordinate solution is subject to three geometric constraints. The reinforcement
centerline must satisfy the prescribed concrete cover, remain within the effective cross-
sectional boundary after accounting for the stirrup diameter, and satisfy the applicable
anchorage or lap-splice requirement at the upper termination. These constraints ensure
that the calculated control points represent feasible reinforcement positions rather than
purely geometric coordinates.

Using d,, the two control points of G1 can be written compactly as

pu = (e, —hy +dg,c +dy)

and
plz = (dc, _hl + dc, H + LC + llE

The resulting coordinates are summarized in Table 1.

Table 1. Coordinates of control points for central longitudinal rebar G1 in the T-shaped column.

Rebar Point X Y Z
Gl P11 d. —hy +d, c+d,
G1 P12 d, —hy +d, H+L.+1g

The remaining central longitudinal rebars are determined using the same geomet-
ric relationships, with their horizontal coordinates adjusted according to their positions
within the T-shaped cross-section. Once the start and end points are obtained, each bar is
represented by a straight line segment and subsequently converted into a Rebar element
through the Revit API. The two-point formulation therefore constitutes the basic form of
the coordinate-based representation; reinforcement affected by sectional variation requires
additional control points, as described in Section 3.1.2.

3.1.2. Generation of Column-Limb and Structural Longitudinal Reinforcement

Unlike the central longitudinal reinforcement, longitudinal rebars located within the
column limbs are directly affected by the dimensional difference between the lower and
upper column sections. According to the reinforcement-detailing requirements for variable-
section columns specified in 20G331-1 [45], longitudinal reinforcement within the column
limb bends through the beam-column joint region before extending into the upper column,
as shown in Figure 4. Based on this detailing requirement, the following coordinate re-
lationships are derived geometrically from the section dimensions, reinforcement offsets,
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ky’(hckness

stirrup diameter
/ Transition
height , ht

and transition geometry. Consequently, the two-point representation used for central rein-
forcement is insufficient to describe the complete trajectory, and additional control points
are required.

= A \

E | AL 1
v Floor h: ql | Floor 5 TEL t ,_Floor
sz fir] | N2 — 1) S&

- ‘{sj’ g1 | T 4| <’{

1 R R |

| |

S | [y 1

|4 v

Figure 4. Longitudinal reinforcement detailing in the variable-section region of a column.

Taking the T-shaped column as the representative case, longitudinal rebar A1l is de-
scribed by four control points py, p1p, P13, and pyy, as shown in Figure 5. These points
correspond to the lower starting point, the beginning of the sectional transition, the end of
the transition, and the upper termination point, respectively. Connecting the four points
sequentially produces a positionally continuous piecewise-linear trajectory consisting of a
lower vertical segment, an inclined transition segment, and an upper vertical segment. The
formulation ensures positional continuity at the segment junctions but does not impose
tangent or curvature continuity; finite bending radii are not explicitly parameterized in
the present model. For fabrication-oriented modeling, these junctions would addition-
ally need to satisfy the minimum bend-radius requirements associated with the selected
reinforcement grade, bar diameter, and applicable detailing standard.

p14
Upper vertical segment

Transition end point , P3

B —

Transition start point , P2

o [~ Lower vertical segment

(b) (c)

Figure 5. Geometric definition of column-limb longitudinal reinforcement: (a) locations of represen-
tative longitudinal rebars in the T-shaped section; (b) control points and spatial trajectory of rebar Al.
(c) Enlarged view of the longitudinal-rebar transition region.

For longitudinal rebar Al, the start point p;; is determined first. Based on the local
coordinate system established previously, its X-coordinate is governed by the length of the
horizontal limb, the thickness of the vertical limb, and the effective reinforcement offset d.:
n=-07"14 ©

2
where b; denotes the length of the horizontal column limb, /1, denotes the thickness of the
vertical column limb, and d. is the effective offset defined in Equation (5).
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The Y-coordinate of p;; is determined from the thickness of the horizontal limb:
Vi =—h+d, (7)

and its vertical coordinate is
zp =C+d, (8)

where /1, is the thickness of the horizontal column limb.

The second control point p,, identifies the beginning of the variable-section transition.
Because p;; and p;, coincide in horizontal projection, their X- and Y-coordinates remain
unchanged, while only the vertical coordinate varies. The Z-coordinate of p;, corresponds
to the clear height of the lower column:

Zy :Hn (9)
Thus,
b, —h
pu = (= L2 4d.,—h +d,c +dy)
and _
P12 = (_ L2 +dc1_h1 +dc/ Hn)

The third control point p;; is located at the upper boundary of the variable-section
transition. Let Ab; = b,; — by , denote the total width variation of the horizontal limb
between the lower and upper sections, where the subscripts I and u denote the lower and
upper sections, respectively. For the symmetric T-shaped configuration considered in this
study, the dimensional variation is equally distributed between the two lateral boundaries;
therefore, the displacement of the corresponding reinforcement boundary is Ab; /2. Let Ah
denote the vertical height of the transition region. Compared with p;,, the X-coordinate of p;3
changes according to the sectional variation, whereas its Y-coordinate remains unchanged:

b, — I Ab,

X3 = — 2 + dc + T (10)
The corresponding vertical coordinate is
z3=H, +Ah (11)
Therefore,
by —h Ab
P = (m=— +de+ ==, =l +do, Hy + M)

The segment between p;, and p;; represents the inclined portion of Al within the
variable-section region. Its horizontal displacement is governed by the dimensional differ-
ence between the lower and upper sections, whereas its vertical extent is governed by the
transition height Ah. This establishes an explicit relationship between sectional variation
and longitudinal-rebar trajectory.

The fourth control point p;, represents the upper end of Al after the reinforcement
passes through the transition region. Above p;;, the reinforcement becomes vertical
again; therefore, the horizontal coordinates of p;; and p;4 remain identical, and only the
Z-coordinate changes. Using the extension-length requirement defined in Section 3.1.1,

Z4 = H + LC + llE (12)

where

H,
L.= max(?,hc, 500 mm)
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and /¢ is the seismic lap length of the longitudinal tensile reinforcement. Accordingly,

b, —h Ab
P14:(— 12 2+dc+71/ _h1+dC/H+Lc+llE)

The four control points p;;—p4 therefore define the complete trajectory of rebar Al.
The lower and upper segments remain vertical, while the intermediate segment responds
to the sectional dimensional change. This four-point representation provides the additional
geometric description required for longitudinal reinforcement passing through the variable-
section transition.

The same control-point principle is applied to longitudinal rebar A2 located in the
vertical limb. In the representative T-shaped configuration adopted here, the centerline
of the horizontal limb is maintained, and its total width variation is therefore distributed
symmetrically between the two lateral boundaries. For the vertical limb, the junction
with the horizontal limb remains geometrically fixed, while the dimensional variation
occurs at the free-end boundary. This variation pattern is adopted for the representative
derivation rather than as a general requirement of the framework. Other asymmetric
sectional variations can be accommodated by redefining the moving boundary and the
corresponding displacement used in the control-point calculation.

Let Ab, = b, — b, ,, denote the change in vertical-limb length between the lower and
upper sections. Consequently, the corresponding reinforcement boundary undergoes the
full displacement Ab, in the Y-direction rather than Ab,/2. Therefore, the X-coordinate
of A2 remains unchanged, whereas its Y-coordinate varies according to the vertical-limb
dimensional change. Following the labels shown in Figure 5, the four control points of A2
are poy1, Py, Poz, and p,y, corresponding to the lower starting point, transition start, transition
end, and upper termination point, respectively.

The calculated coordinates of Al and A2 are summarized in Table 2.

Table 2. Coordinates of control points for representative column-limb longitudinal reinforcement in
the T-shaped column.

Rebar Point X Y Z
Al P ol g, —hy +d, ¢+dg
Al P12 —# +d, —hy +d, H,
Al P13 Ly At % —hy +d, H, + Ah
Al Pia —blghz +d, + % —hy +d, H+L.+ 1
A2 P2 d. by —hy —d, c+dg
A2 P22 dc b2 - hl - dc Hn
A2 p23 dC b2 —_ hl —_ dC - Abz HTl + Ah
A2 p24 dC bz - hl - dc - Abz H + LC + llE

The coordinate expressions in Table 2 reveal a common directional pattern. Sectional
variation of the horizontal limb is transferred primarily to the X-coordinate of A1, whereas
variation of the vertical limb is transferred primarily to the Y-coordinate of A2. The same
coordinate-based framework can therefore accommodate different reinforcement trajectories
by identifying the affected section boundary and its corresponding update direction.

After the representative reinforcement trajectories have been determined, the geometric
symmetry of the T-shaped cross-section is used to generate the remaining longitudinal
rebars. Representative reinforcement is first generated directly from the calculated control
points. Successive mirror operations are then performed about the predefined symmetry
axes, as illustrated in Figure 6. This strategy reduces repeated coordinate calculations while
preserving geometric consistency among symmetrically distributed rebars.
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Figure 6. Symmetry-based generation of longitudinal reinforcement: (a) representative reinforcement
before mirroring; (b) reinforcement after the first mirror operation; (c) completed reinforcement after
the second mirror operation.

In addition to the principal longitudinal reinforcement, structural longitudinal rein-
forcement is introduced when the spacing between adjacent force-bearing longitudinal
rebars exceeds the applicable detailing limit. According to Article 6.2.3 of JGJ 149-2017 [44],
the spacing of longitudinal reinforcement should not exceed 200 mm for seismic Grades I, II,
and III, 250 mm for Grade IV, and 300 mm for non-seismic design. Where these requirements
cannot be satisfied by the principal reinforcement alone, additional structural longitudinal
rebars with a diameter of not less than 12 mm are provided.

The positions of the additional structural rebars are determined using the same
coordinate-based principle. After the effective reinforcement boundary is established from
the concrete cover, stirrup diameter, and longitudinal-rebar diameter, the available spacing
between adjacent principal rebars is evaluated. Where the allowable spacing is exceeded,
additional reinforcement is introduced within the corresponding column limb, and its
control-point coordinates are calculated from the local section geometry and reinforcement-
spacing requirements.

Once all required control points have been determined, the points associated with each
longitudinal rebar are connected sequentially to construct the corresponding reinforcement
path. Straight reinforcement is generated from two control points, whereas reinforcement
passing through the variable-section region is generated from four control points defining
the lower vertical segment, inclined transition segment, and upper vertical segment.

Although the T-shaped column is used for the detailed coordinate derivation, the
same geometric procedure is applied to the L-, cross-, and Z-shaped columns considered
in this study. The relevant section boundaries, symmetry relationships, and coordinate-
update directions are adjusted according to the corresponding section geometry, while the
underlying sequence of control-point determination and trajectory construction remains
unchanged. The resulting longitudinal reinforcement models for the four section types are
shown in Figure 7.

3.2. Adaptive Generation of Stirrups in the Variable-Section Region

Compared with longitudinal reinforcement, stirrup generation in the variable-section
region involves an additional geometric constraint. In a constant-section column, stirrups
at different elevations have identical planar geometry and can therefore be generated by
vertically replicating a predefined closed reinforcement curve. In the variable-section region,
however, the longitudinal reinforcement is inclined between the lower and upper column
sections. Consequently, the stirrup boundary must vary with elevation to maintain the
required geometric relationship with the longitudinal reinforcement.
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Figure 7. Generated longitudinal reinforcement models: (a) L-shaped column; (b) T-shaped column;
(c) cross-shaped column; (d) Z-shaped column.

In the proposed method, each closed stirrup considered in the coordinate calculation
is represented by four control points connected sequentially to form a closed reinforcement
curve. Figure 8 illustrates the geometric definition of a representative stirrup in the variable-
section region of a T-shaped column. Following the labels shown in the figure, the four
control points are denoted by Al, A2, A3, and A4. Their coordinates are determined
from the sectional dimensions, concrete cover thickness c, stirrup diameter dg, and the
dimensional variation between the lower and upper column sections.

—
cover thickness
{ -
¥ r;; /
> y diameter
A4 . A3
[ 0 X )
0,( . i L)
? 7
N\
AN
e o N 2
o (2]

Figure 8. Geometric definition and control points of a stirrup in the variable-section region.

The uppermost stirrup within the variable-section region is selected as the reference
stirrup. Its elevation corresponds to the upper boundary of the transition region:

z=H,+Ah

where H,, denotes the clear height of the lower column and Al denotes the vertical height
of the variable-section transition. Because the stirrup centerline must satisfy the specified
concrete cover, its effective offset from the concrete boundary is expressed as c + df. Taking
the horizontal column limb of the T-shaped section as the representative case, the coordinates
of A1-A4 for the uppermost reference stirrup are summarized in Table 3.
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Table 3. Coordinates of the control points of the uppermost stirrup in the variable-section region of
the T-shaped column.

Point X Y Z
_ d d
Al L T g —hy o+ E H, + Ah
A2 _#4_C.’_?§+A7h1 _C+dTg Hn+Ah
d d,
A3 ¥+C+_8_A7bl —h1+C+7g Hn-f-Ah
A4 @-'FC'F%—AT% _C+d?g Hn+Ah

Here, b; denotes the length of the horizontal column limb, /1; denotes its thickness, i,
denotes the thickness of the vertical column limb, and Ab; represents the sectional variation
associated with the horizontal limb. Once the four control points have been determined,
they are connected sequentially to form a closed stirrup curve, which is subsequently
converted into a Rebar element through the Revit APL

The principal geometric problem is the generation of the remaining stirrups within the
transition region. As the stirrup elevation changes, the corresponding horizontal bound-
ary must change simultaneously because the associated longitudinal reinforcement is
inclined. For the horizontal limb considered here, this variation is reflected primarily in
the X-coordinate, whereas the corresponding Y-coordinate remains unchanged. Stirrup
generation is therefore transformed from a simple vertical replication process into a coupled
update of vertical and horizontal coordinates, as illustrated in Figure 9.

Transition region

-

Upper stirrup, zi1
N
Stirrup spacing, s

B

Lower stirrup, z;

4l Horizontal coordinate
adjustment, Ax / Ay

Inclined longitudinal
reinforcement

Figure 9. Elevation-dependent stirrup arrangement in the variable-section transition region:
(a) overall arrangement; (b) enlarged view of adjacent stirrups and the corresponding horizontal
boundary adjustment.

Let S; denote the maximum stirrup spacing in the confinement zone, Ab, the dimen-
sional variation of the horizontal column limb, and Ak the height of the variable-section
transition. For the symmetric T-shaped configuration considered in the derivation, the
total dimensional variation is distributed between the two sides of the corresponding limb.
Therefore, the horizontal increment applied during each stirrup-generation step is

A5,

Ax = AL (13)

Equation (13) establishes a direct relationship among sectional variation, transition
height, and stirrup spacing. Equation (13) is applied to the variable-section transition
region, where the stirrup boundary must be updated with elevation to remain compatible
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with the inclined longitudinal reinforcement. In the configuration investigated here, this
transition is located within the confinement zone, and the corresponding confinement-zone
spacing S; is therefore used in the incremental coordinate calculation. Once the sectional
transition is completed, the sectional variation becomes zero and no further horizontal
coordinate adjustment is required. When the elevation changes by one stirrup spacing S;,
the associated horizontal coordinate is adjusted by Ax. Thus, if the i-th stirrup is generated
downward from the uppermost reference stirrup, its elevation is

z; = H, + Ah — iS, (14)

The corresponding horizontal boundary coordinate is updated incrementally according
to the direction of sectional variation. The sign of the horizontal increment depends on
whether the relevant control point is located on the left or right boundary of the column
limb. As a result, the stirrup boundary follows the changing position of the inclined
longitudinal reinforcement rather than remaining vertically aligned with the uppermost
stirrup. Equations (13) and (14) jointly define the elevation-dependent coordinate update of
stirrups within the transition region. At each downward step, the Z-coordinate decreases by
the prescribed stirrup spacing S;, while the corresponding horizontal boundary coordinate
is updated by Ax according to the direction of sectional variation.

The coordinate update is implemented iteratively. During each generation step,
the Z-coordinate changes by the prescribed stirrup spacing, while the corresponding
X-coordinate is updated according to Equation (13). The horizontal displacement is addi-
tionally constrained by the position of the longitudinal reinforcement associated with the
stirrup boundary. Once this limiting position is reached, further horizontal displacement is
terminated, preventing the stirrup from exceeding the intended geometric boundary.

Accordingly, successive stirrup positions can be interpreted as discrete samples of the
longitudinal-reinforcement trajectory within the transition region. For a constant-section
segment, Ax = 0, and the stirrup geometry remains unchanged with elevation. Within the
variable-section segment, Ax # 0, and the horizontal coordinate is updated together with
the vertical position. This distinction enables the same coordinate framework to represent
both conventional constant-section stirrups and geometrically adaptive stirrups within the
variable-section region.

For the vertical column limb, the same geometric principle is adopted, but the sec-
tional variation is reflected in the Y-direction rather than the X-direction. Therefore, the
Y-coordinate of the corresponding stirrup control points varies with elevation, whereas the
X-coordinate remains unchanged. The incremental Y-direction displacement is determined
from the dimensional variation of the vertical limb, transition height, and prescribed stirrup
spacing using the same geometric relationship as that adopted for Ax.

After the control points at a given elevation have been calculated, A1-A4 are connected
sequentially to form the corresponding closed stirrup curve. The curve is then converted into
a stirrup element in Revit. Repeating this process through the prescribed confinement-zone
height produces the complete stirrup arrangement in the variable-section region. Unlike
conventional array-based generation, the relevant horizontal coordinates are recalculated
before each stirrup is created, allowing the generated stirrup geometry to respond directly
to the changing position of the longitudinal reinforcement.

Stirrups outside the transition region are generated using the same coordinate frame-
work but do not require elevation-dependent horizontal adjustment because the column
section remains constant. When the reinforcement arrangement changes from the con-
finement zone to the non-confinement zone, the stirrup spacing is updated according to
the corresponding detailing requirements, whereas the planar stirrup geometry remains
unchanged. The extent of the non-confinement region and the corresponding detailing
requirements are determined according to Articles 6.2.10 and 6.2.12 of JGJ 149-2017 [44].
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Although the T-shaped column is used to illustrate the detailed coordinate calculation,
the same generation principle is applied to the L-, cross-, and Z-shaped columns. For each
section type, the corresponding section boundaries and coordinate-update directions are
identified first, after which the stirrup control points are calculated and converted into
closed reinforcement curves. The resulting stirrup models for the four representative section
types are shown in Figure 10.

Figure 10. Generated stirrup models in the variable-section region: (a) L-shaped column; (b) T-shaped
column; (¢) cross-shaped column; (d) Z-shaped column.

The proposed stirrup-generation procedure establishes a direct geometric relationship
between longitudinal-reinforcement trajectories and transverse reinforcement. The longi-
tudinal reinforcement defines the changing spatial boundary within the variable-section
region, while the stirrup coordinates are updated with elevation to follow this boundary.
Thus, the geometric relationship between longitudinal reinforcement and stirrups is in-
corporated directly into the coordinate-calculation process, rather than treating the two
reinforcement systems independently. This coupled representation forms the principal
geometric feature of the adaptive stirrup-generation method.

4. Quantitative Validation and Engineering Application

To further evaluate the accuracy, modeling efficiency, and engineering applicability
of the proposed geometry-driven parametric reinforcement modeling method, systematic
validation was conducted based on the previously developed L-, T-, cross-, and Z-shaped
variable-section special-shaped column models. Rather than relying solely on visual in-
spection of the generated three-dimensional reinforcement models, this section establishes
quantitative comparisons among independently calculated results, reinforcement geom-
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etry generated in Revit, conventional manual modeling, and reinforcement information
output. The proposed method is therefore evaluated from four perspectives: geomet-
ric accuracy, modeling efficiency, consistency of reinforcement length and quantity, and
engineering applicability.

The information flow of the proposed method can be summarized as follows. First,
the control points of longitudinal rebars and stirrups are determined according to the
column-section dimensions, concrete cover, reinforcement diameters, and relevant detailing
parameters. The calculated control points are then converted into reinforcement curves and
corresponding Rebar elements through the Revit API. Within the variable-section transition
region, the trajectories of longitudinal rebars and the boundaries of stirrups are updated
according to the direction of sectional variation and the corresponding elevation. Finally,
reinforcement attributes, including bar type, diameter, length, strength grade, and quantity,
are extracted and organized through the Revit Schedule APIL

4.1. Validation Design and Evaluation Metrics

To investigate the applicability of the proposed method under different sectional
configurations and parameter variations, three validation cases were established for each of
the four representative variable-section special-shaped columns, namely L-, T-, cross-, and
Z-shaped columns. A total of 12 validation cases were therefore considered.

The first group represents the baseline condition and is used to evaluate model-
generation performance under representative sectional and reinforcement-detailing param-
eters. The second group represents an enhanced sectional-variation condition, in which
the dimensional differences between the upper and lower sections are increased while the
transition height is reduced. This configuration increases the inclination of longitudinal
rebars within the transition region and provides a more demanding geometric condition for
evaluating the control-point calculation method. The third group represents a reinforcement-
detailing variation condition. Under this condition, the basic section geometry is maintained
while the concrete cover, longitudinal-rebar diameter, stirrup diameter, and stirrup spac-
ing are modified to examine whether detailing-parameter variations can be consistently
propagated to the reinforcement control points and the resulting reinforcement geometry.

All validation cases adopt a total column height of 3600 mm and a clear lower-column
height of 3000 mm. The transition height is 600 mm for the baseline and reinforcement-
detailing variation cases and is reduced to 480 mm for the enhanced sectional-variation cases.
The baseline reinforcement parameters include a concrete cover of 25 mm, longitudinal
rebars with a diameter of 14 mm, stirrups with a diameter of 8 mm, and a stirrup spacing
of 100 mm. For the reinforcement-detailing variation cases, these parameters are modified
to 30 mm, 16 mm, 10 mm, and 80 mm, respectively. The detailed validation parameters are
summarized in Table 4.

Across the validation matrix, the investigated sectional variation ranges from 100 to
150 mm in the local X-direction and from 80 to 125 mm in the local Y-direction, while
the transition height ranges from 480 to 600 mm. These values represent dimensional
differences between the corresponding upper and lower sectional boundaries rather than
the complete sectional dimensions. The quantitative conclusions reported in this study are
therefore limited to the investigated range of sectional variation and transition height. The
enhanced sectional-variation cases provide a more demanding geometric condition within
this range but should not be interpreted as exhaustive validation of arbitrarily extreme
sectional transitions.
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Table 4. Parameter settings for the 12 validation cases.
Section Transition Concrete Longitudinal Bar  Stirrup Diam- Stirrup
Case Type Height/mm AX/mm  AY/mm Cover/mm Diameter/mm eter/mm Spacing/mm Case Type
L-1 L-shaped 600 100 100 25 14 8 100 Baseline
Enhanced
L-2 L-shaped 480 125 125 25 14 8 100 sectional
variation
Detailing
L-3 L-shaped 600 100 100 30 16 10 80 ..
variation
T-1 T-shaped 600 120 80 25 14 8 100 Baseline
Enhanced
T-2 T-shaped 480 150 100 25 14 8 100 sectional
variation
Detailing
T3 T-shaped 600 120 80 30 16 10 80 -
variation
c-1 Cross- 600 100 100 25 14 8 100 Baseline
shaped
Cross- Enhanced
c2 088 480 125 125 25 14 8 100 sectional
shaped "
variation
c3 Cross- 600 100 100 30 16 10 80 Detailing
shaped variation
Z-1 Z-shaped 600 120 100 25 14 8 100 Baseline
Enhanced
z2 Z-shaped 480 150 125 25 14 8 100 sectional
variation
Detailing
Z-3 Z-shaped 600 120 100 30 16 10 80 .
variation

Here, AX and AY denote the dimensional differences between the upper and lower sec-
tions in the two principal horizontal directions. Although the local coordinate expressions
differ among section types, the underlying geometric generation logic remains consistent.
The program first identifies the section boundaries, limb directions, and symmetry rela-
tionships associated with reinforcement placement, and then determines the coordinate
components affected by sectional variation. Variations in horizontal limbs are primarily
represented by changes in the X-coordinate of the corresponding control points, whereas
variations in vertical limbs are mainly represented by changes in the Y-coordinate.

Accordingly, different section types can share the same fundamental computational
sequence: section-boundary identification, longitudinal-bar control-point determination,
spatial trajectory construction, and stirrup-boundary updating.

The subsequent validation focuses on three quantitative aspects: geometric accu-
racy, modeling efficiency, and consistency of reinforcement information. An actual office-
building project is further introduced to evaluate the engineering applicability of the
proposed workflow.

4.2. Geometric Accuracy Validation

The core of the proposed parametric reinforcement modeling method is the transfor-
mation of section dimensions, reinforcement-detailing parameters, and variable-section
geometric relationships into the control-point coordinates of longitudinal rebars and stir-
rups. Therefore, the consistency between independently calculated theoretical control
points and the corresponding reinforcement geometry in Revit provides a direct measure
of geometric modeling accuracy.
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For each validation case, representative central longitudinal rebars, longitudinal rebars
passing through the variable-section region, and stirrups within the transition region were
selected for evaluation. For the central reinforcement, one representative bar was selected
and its start and end points were examined, resulting in two control points. For longitudinal
rebars passing through the variable-section region, two representative rebars affected by
the principal sectional-variation direction were selected. Four control points were examined
for each bar, corresponding to the lower start point, the transition start point, the transition
end point, and the upper end point, giving eight control points in total. For stirrups, three
representative elevations were selected at the lower, middle, and upper parts of the transition
region, and four representative corner points were examined at each elevation, resulting in
12 control points.

Thus, 22 control points were examined for each case, producing a total of 264 represen-
tative geometric validation points for the 12 cases.

This sampling strategy covers the three principal geometric behaviors considered in
the proposed method. Central longitudinal rebars are used to evaluate vertical positioning
accuracy when the planar coordinates remain unchanged. Longitudinal rebars within
the varying column limbs are used to evaluate how sectional variation is transferred to
horizontal displacement and piecewise spatial trajectories. Stirrup control points at different
elevations are used to assess the adaptive updating of the stirrup boundary according to
the changing positions of the inclined longitudinal rebars.

The 264 points were selected using a geometry-behavior-based representative sampling
strategy rather than random sampling. The objective was to cover the principal geometric
behaviors of the proposed method rather than to exhaustively verify every reinforcement
element and every control point.

For the i-th validation point, the geometric deviation is quantified as the Euclidean
distance between the independently calculated reference coordinate and the corresponding
coordinate extracted from the Revit model:

e = | (xF = 26)% + (yF — y©)* + (2F —26)? (15)
C

where x¢, y¢, and z¢ are the independently calculated coordinates of the i-th control point;

xR, yR, and zR are the corresponding coordinates in the Revit model; and ¢; is the three-
dimensional spatial deviation.
The geometric validation results for the 12 cases are summarized in Table 5.

Table 5. Geometric accuracy validation results for the 12 cases.

. No. of Checked ~ Mean Spatial Maxin}um Position;?l C(?ntinuity of Geom.etr'i?
Case Section Type . o Spatial Longitudinal-Bar Compatibility
Points Deviation/mm . . .

Deviation/mm Trajectory of Stirrups
L-1 L-shaped 22 0.12 0.31 Pass Pass
L-2 L-shaped 22 0.18 0.44 Pass Pass
L-3 L-shaped 22 0.14 0.36 Pass Pass
T-1 T-shaped 22 0.11 0.29 Pass Pass
T2 T-shaped 22 0.20 0.47 Pass Pass
T-3 T-shaped 22 0.15 0.38 Pass Pass
C-1 Cross-shaped 22 0.13 0.33 Pass Pass
C-2 Cross-shaped 22 0.21 0.49 Pass Pass
C-3 Cross-shaped 22 0.16 0.40 Pass Pass
Z-1 Z-shaped 22 0.14 0.35 Pass Pass
Z-2 Z-shaped 22 0.22 0.52 Pass Pass
Z-3 Z-shaped 22 0.17 0.42 Pass Pass

Overall — 264 0.161 0.52 12/12 Pass 12/12 Pass
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As shown in Table 5, the mean spatial deviation across the 12 validation cases ranges
from 0.11 to 0.22 mm. The overall mean spatial deviation is 0.161 mm, and the maximum
deviation among all representative control points is 0.52 mm. The baseline cases generally
exhibit smaller deviations, whereas the enhanced sectional-variation cases show slightly
larger values. This trend is associated with the larger sectional differences and reduced
transition heights adopted in these cases, which produce greater changes in the coordinates
of the transition-region control points.

The baseline cases generally exhibit relatively small geometric deviations. Among
them, case T-1 presents the lowest mean spatial deviation of 0.11 mm and a maximum
deviation of 0.29 mm.

When the sectional variation is intensified, the geometric deviations increase slightly.
The mean spatial deviations of L-2, T-2, C-2, and Z-2 are 0.18, 0.20, 0.21, and 0.22 mm, respec-
tively. Case Z-2 combines relatively large bidirectional sectional variations (AX = 150 mm
and AY = 125 mm) with a reduced transition height of 480 mm, producing the most pro-
nounced coordinate changes among the Z-shaped cases. Consequently, small discrepancies
between the independently calculated reference coordinates and the coordinates extracted
from the Revit model are amplified at the transition-region control points. The resulting max-
imum deviation is 0.52 mm, which represents a localized worst-case discrepancy rather than
a systematic geometric drift; the generated reinforcement trajectory remains continuous.

For the reinforcement-detailing variation cases, the mean spatial deviations of L-3, T-3,
C-3, and Z-3 are 0.14, 0.15, 0.16, and 0.17 mm, respectively. These values lie between those
of the baseline and enhanced sectional-variation cases. The results indicate that variations
in concrete cover, longitudinal-bar diameter, stirrup diameter, and stirrup spacing can
be propagated to the control-point coordinates without causing obvious amplification of
geometric error.

In addition to coordinate deviations, the continuity of the generated reinforcement
trajectories was examined. The central longitudinal rebars remained vertically aligned
without abnormal horizontal offsets. Longitudinal rebars passing through the transition
region consistently formed a lower vertical segment, an inclined transition segment, and an
upper vertical segment in the predefined control-point sequence.

The stirrups within the variable-section region also remained geometrically compatible
with the inclined longitudinal reinforcement. Their horizontal coordinates were continu-
ously updated with elevation, and no evident local boundary crossing, reversed displace-
ment, or abrupt geometric discontinuity was observed.

Overall, the geometric validation shows close agreement between the independently
calculated control-point coordinates and the corresponding reinforcement geometry gen-
erated in Revit within the investigated range of section types and parameter variations.
In all 12 cases, the longitudinal-rebar trajectories remained positionally continuous, and
the stirrup boundaries remained geometrically compatible with the inclined longitudinal
reinforcement. The reported mean and maximum deviations should be interpreted as
sample-based statistics for the 264 representative control points rather than as absolute error
bounds for every point in the generated reinforcement models. Additional sampling could
modify the mean deviation and could identify a larger maximum deviation at locations
not included in the present sample. From a modeling perspective, the observed deviations
are sub-millimeter and are small relative to the detailing dimensions used in the validation
cases, including concrete covers of 25-30 mm, longitudinal-bar diameters of 14-16 mm,
stirrup diameters of 8-10 mm, and stirrup spacings of 80-100 mm. These results therefore
indicate close geometric consistency between the independently calculated coordinates and
the Revit-generated geometry; however, they should not be interpreted as construction
tolerances, fabrication tolerances, or universal Revit acceptance limits.
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4.3. Comparison of Modeling Efficiency

In addition to geometric accuracy, the engineering value of a parametric modeling
method depends on its ability to reduce repetitive modeling operations. Conventional
reinforcement modeling in Revit generally requires users to determine longitudinal-bar
positions individually and manually adjust the bending positions of rebars passing through
variable-section regions. For stirrups, the reinforcement boundary must also be adjusted
according to the sectional geometry at different elevations. When section dimensions or
reinforcement-detailing parameters are modified, these operations generally need to be
repeated or rechecked.

The proposed method transforms this process into a rule-based workflow involving
parameter input, control-point calculation, reinforcement-curve construction, and Rebar ele-
ment generation. For symmetrically arranged longitudinal reinforcement, mirror operations
can be used to reduce repeated coordinate calculations. For stirrups within the transition
region, the corresponding horizontal coordinates are recalculated at different elevations.

To evaluate modeling efficiency, all 12 validation cases described in Section 4.1 were
modeled using both conventional manual Revit modeling and the proposed parametric
method. Identical section dimensions, reinforcement parameters, and final detailing re-
quirements were adopted for both workflows. Both workflows were performed by the
same operator, who had 5 years of experience in Revit-based reinforcement modeling.
The manual workflow employed standard Revit reinforcement-modeling functions and
included longitudinal-rebar creation and positioning, adjustment of transition trajectories,
stirrup placement, and model checking. The parametric workflow included parameter
input, control-point calculation, longitudinal-rebar generation, stirrup generation, and
reinforcement-information output. The same timing definition was applied consistently to
all 12 cases within each workflow. All timing tests were conducted on the same worksta-
tion equipped with a 13th Gen Intel(R) Core(TM) i7-13620H processor (2.40 GHz) and
16.0 GB of system memory, running 64-bit Windows 11 Home (Version 26H2). Autodesk
Revit 2020 and the developed C# add-in were used under the same hardware and software
environment for all validation cases.

The relative reduction in modeling time achieved by the proposed parametric method
is calculated as:

T,-T

Ry = " % 100% (16)

m

where T, is the modeling time required by the conventional manual Revit workflow, T, is the
modeling time required by the proposed parametric workflow, and R; is the corresponding
relative time reduction.

The results are summarized in Table 6.

As shown in Table 6, the parametric modeling time ranges from 48.6 to 61.5 s per case,
whereas conventional manual modeling requires 612.4-961.4 s. Across the 12 validation
cases, the average parametric and manual modeling times are 54.8 s and 792.8 s, respectively,
and the mean of the case-specific time-reduction ratios is 93.03%.

Within the investigated cases, the parametric modeling time remained within a rela-
tively narrow range of 48.6-61.5 s despite differences in section type and sectional variation.
More complex limb arrangements and enhanced sectional variation generally increased the
number of geometric calculations, but these operations were handled primarily through
internal control-point recalculation rather than repeated manual repositioning. However,
geometric complexity was not defined as an independent continuous variable in this study;
therefore, the observed timing differences should be interpreted as descriptive workflow-
level performance rather than as a general computational scaling relationship.
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Table 6. Comparison of manual and parametric modeling efficiency.

Case Section Type  Parametric Modeling Time/s Manual Modeling Time/s Time Reduction/%
L-1 L-shaped 48.6 612.4 92.06
L-2 L-shaped 52.3 701.8 92.55
L-3 L-shaped 50.1 648.7 92.28
T-1 T-shaped 514 734.5 93.00
T2 T-shaped 56.7 842.9 93.27
T-3 T-shaped 53.6 781.2 93.14
C-1 Cross-shaped 55.2 823.6 93.30
C-2 Cross-shaped 61.5 961.4 93.60
C-3 Cross-shaped 58.1 887.3 93.45
Z-1 Z-shaped 53.9 768.2 92.98
Z-2 Z-shaped 59.8 914.6 93.46
Z-3 Z-shaped 56.4 836.9 93.26

Average — 54.8 792.8 93.03

Note: The reported average time-reduction ratio is the arithmetic mean of the 12 case-specific
reduction ratios.

The detailing-variation cases additionally provide an indicative assessment under
denser reinforcement configurations. Relative to the corresponding baseline cases, the
number of reinforcement elements increased by approximately 19.8-22.2%, whereas the
measured parametric modeling time increased by approximately 3.1-5.3%. Because concrete
cover, longitudinal-bar diameter, stirrup diameter, and stirrup spacing were modified simul-
taneously, these cases do not constitute an isolated reinforcement-density sensitivity test.

The individual validation cases contain 72-126 reinforcement elements. Across the
12 separately evaluated cases, a cumulative total of 1117 reinforcement elements was gen-
erated and verified. These elements were not processed simultaneously in one combined
model; therefore, the reported timing results characterize component-level reinforcement
generation rather than whole-building batch-processing performance.

4.4. Consistency Validation of Reinforcement Geometric Length and Quantity

Following the geometric-accuracy and modeling-efficiency evaluations, the reliability
of the reinforcement information output was further examined. After reinforcement ele-
ments are generated, the developed program extracts and organizes reinforcement attributes
through the Revit Schedule API, including bar type, diameter, length, strength grade, and
quantity. This provides a continuous link between reinforcement geometry generation and
structured information output.

To avoid validating Revit Schedule results against themselves, independently calcu-
lated reinforcement quantities were used as reference values. The geometric-length and
quantity verification was performed for all 12 validation cases defined in Section 4.1. The
independent reference calculations were performed using a spreadsheet-based calculation
procedure outside the Revit Schedule extraction process. For straight longitudinal rebars,
the theoretical length was calculated from the spatial distance between the start and end
points. For rebars passing through the variable-section transition region, the lengths of
the lower vertical segment, inclined transition segment, and upper vertical segment were
calculated separately and then summed.

For stirrups, the length of an individual bar was independently calculated from the
closed polygon formed by the corresponding control points at each elevation, after which
the total length was obtained according to the number of stirrups. Reinforcement quantities
were independently determined according to the longitudinal-bar layout rules, stirrup
spacing, and reinforcement arrangement height.

https://doi.org/10.3390/buildings16214283


https://doi.org/10.3390/buildings16214283

Buildings 2026, 16, 4283

24 of 30

The relative deviation between the reinforcement length extracted from the Revit
Schedule and the independently calculated reference length is defined as:

CILg—Lc|

x 100% (17)
where Ly denotes the total reinforcement length extracted from the Revit Schedule,
L¢ denotes the independently calculated reference length, and E; denotes the relative
length deviation.

The validation results are presented in Table 7. The reference values represent nominal
geometric reinforcement lengths and bar counts; fabrication-specific bend deductions, cou-
plers, and project-specific bar-bending adjustments are outside the scope of this verification.

Table 7. Comparison of independently calculated and Revit Schedule-derived reinforcement lengths
and quantities.

Independently Revit Schedule Relative Theoretical ~ Schedule Quantity

Case Section Type Calculated Geometric Length De- . . s o
& Geometric Length/m Length/m viatb;on/ % Quantity Quantity  Deviation/%

L-1 L-shaped 248.36 248.48 0.048 72 72 0.00

L-2 L-shaped 25291 253.11 0.079 75 75 0.00

L-3 L-shaped 276.44 276.62 0.065 88 88 0.00

T-1 T-shaped 315.72 315.86 0.044 86 86 0.00

T-2 T-shaped 322.84 323.11 0.084 89 89 0.00

T-3 T-shaped 349.16 349.39 0.066 103 103 0.00

C-1 Cross-shaped 382.47 382.65 0.047 104 104 0.00

C-2 Cross-shaped 391.38 391.76 0.097 108 108 0.00

C-3 Cross-shaped 426.23 426.55 0.075 126 126 0.00

Z-1 Z-shaped 301.65 301.80 0.050 82 82 0.00

Z-2 Z-shaped 309.74 310.02 0.090 85 85 0.00

Z-3 Z-shaped 337.58 337.85 0.080 99 99 0.00
Opverall — 3914.48 3917.20 0.069 1117 1117 0.00

As shown in Table 7, the independently calculated reinforcement lengths show close
agreement with those extracted from the Revit Schedule. The relative length devia-
tions for the 12 cases range from 0.044% to 0.097%, with a mean case-specific value of
approximately 0.069%.

Among the investigated cases, T-1 exhibits the smallest relative length deviation of
0.044%, whereas C-2 exhibits the largest deviation of 0.097%. The enhanced sectional-
variation cases generally show slightly larger deviations than the corresponding baseline
cases because of the more complex inclined longitudinal-bar trajectories and elevation-
dependent stirrup geometries. It is also noteworthy that the Revit Schedule length is slightly
larger than the independently calculated geometric length in all 12 cases, indicating a
small but systematic positive difference rather than randomly distributed numerical error.
The present comparison does not isolate the individual contributions of Revit geometric
representation, internal length evaluation, or numerical processing; therefore, the observed
bias is reported without assigning it to a single implementation-level source. Nevertheless,
the relative deviation remains below 0.1% for all cases.

For all 12 cases combined, the independently calculated reinforcement geometric length
is 3914.48 m, whereas the corresponding Revit Schedule value is 3917.20 m, giving a positive
difference of 2.72 m and an overall relative deviation of approximately 0.069%. In terms of
reinforcement quantity, both the independently calculated result and the Revit Schedule
contain 1117 bars in total, and the quantity deviation is 0% for all cases. The identical
reinforcement counts indicate that no quantity-level omissions or duplicate elements were
identified in the investigated validation cases.
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The reinforcement-length and quantity validation further extends the role of the Sched-
ule module from information organization to quantitative verification. Through this process,
the proposed workflow establishes a continuous data chain from section and reinforce-
ment parameters to control-point calculation, Rebar element generation, and structured
reinforcement information output.

4.5. Engineering Case Application and Integrated Analysis

To further investigate the applicability of the proposed parametric modeling method
under practical engineering conditions, an office-building project located in an airport
economic zone of a city was selected as an engineering case study. The project is located
southwest of the intersection of Fuliu Street and Daxue South Road, and Office Building A
was selected as the research object.

Office Building A adopts a cast-in-place reinforced-concrete frame structural system
and consists of three above-ground stories. The first-story height is 3.9 m, while the second-
and third-story heights are both 3.6 m. The elevation difference between the indoor and
outdoor ground levels is 0.3 m. The building has a structural safety grade of Il and a design
service life of 50 years. Its seismic fortification category is Class C, and the seismic design
grade of the structural system is Grade IIL

The engineering application follows the workflow of engineering-parameter acquisi-
tion, parametric input, control-point calculation, reinforcement generation, and information
output. First, the column-section dimensions, column height, sectional-transition condi-
tions, concrete cover, longitudinal-rebar diameter, and stirrup parameters are obtained from
the structural drawings and reinforcement details. These parameters are then entered into
the developed parametric modeling program. The control points of longitudinal rebars
and stirrups are calculated according to the geometric relationships established in Section 3,
after which the corresponding reinforcement elements are generated through the Revit APL
Finally, reinforcement information, including bar type, diameter, length, and quantity, is
organized through the Revit Schedule function.

For central longitudinal reinforcement in the engineering component, the planar coordi-
nates remain unchanged because the reinforcement is not affected by sectional variation, and
the bars therefore remain vertical along the column height. For longitudinal reinforcement
located within varying column limbs, the required horizontal displacement is determined
according to the dimensional difference between the upper and lower sections, producing a
positionally continuous piecewise-linear trajectory consisting of a lower vertical segment,
an inclined transition segment, and an upper vertical segment. Within the variable-section
region, stirrup boundaries are recalculated according to elevation and the corresponding
positions of the inclined longitudinal rebars, thereby maintaining geometric coordination
between longitudinal and transverse reinforcement.

This engineering application is consistent with the unified modeling logic established
for L-, T-, cross-, and Z-shaped columns. Although different special-shaped sections differ in
limb arrangement, concave boundaries, sectional symmetry, and the direction of variation,
they can be generated using the same fundamental geometric framework by modifying the
relevant section boundaries and coordinate-update directions. Therefore, it is unnecessary to
establish an entirely independent reinforcement-generation workflow for each section type.

The use of actual engineering parameters also demonstrates the model-updating
capability of the proposed method. In conventional manual Revit reinforcement modeling,
changes in column dimensions, concrete cover, or reinforcement diameters generally require
the bending positions of longitudinal rebars, stirrup profiles, and their spatial relationships
to be rechecked manually. In the proposed method, these relationships are explicitly
represented through control-point coordinates determined by the section geometry and
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reinforcement-detailing parameters. Consequently, when the input parameters are modified,
the longitudinal-bar trajectories and stirrup boundaries can be recalculated automatically,
transforming repeated local manual modification into a parameter-driven model update.

Combined with the validation presented in Sections 4.2—4.4, the engineering applica-
bility of the proposed framework can be evaluated from three complementary aspects. First,
geometric-accuracy validation examines whether the section and detailing parameters are
correctly transformed into Revit reinforcement geometry. Second, the modeling-efficiency
comparison evaluates the potential of the parametric method to reduce repetitive manual
operations. Third, reinforcement-length and quantity validation determines whether the
generated reinforcement geometry can be consistently transferred to structured reinforce-
ment information.

The current framework nevertheless has a clearly defined range of applicability. It
is primarily intended for regular L-, T-, cross-, and Z-shaped variable-section columns in
which a clear correspondence exists between the upper and lower section boundaries and
the section varies continuously along the column height. When column limbs are introduced
or removed during the transition, or when the section undergoes other topological changes,
the correspondence between the upper and lower boundaries must be redefined.

Curved transitions, free-form boundaries, and more complex three-dimensional sec-
tional variations would require more general curve- or surface-based parametric repre-
sentations. Mechanical reinforcement connections, highly congested beam-column joints,
and multi-member intersections may also introduce additional spatial constraints and
reinforcement clashes beyond the scope of the current geometry-generation framework.
Future research may therefore integrate reinforcement-layout optimization, clash-resolution
algorithms, and automated rule-checking procedures into the proposed method.

Overall, this section establishes a multi-level validation framework consisting of
parameter-based validation cases, geometric-accuracy assessment, modeling-efficiency
comparison, reinforcement-information consistency validation, and practical engineering
application. For regular variable-section special-shaped columns, the proposed method
provides a unified geometric logic for different section types and enables section dimensions
and reinforcement-detailing parameters to be continuously propagated to longitudinal-bar
control points, reinforcement trajectories, stirrup boundaries, and BIM attribute information.
The introduction of an actual office-building project further establishes a direct connection
between the proposed parametric modeling method and practical structural-engineering
applications, providing a basis for its further use in complex reinforcement modeling and
engineering information management.

5. Discussion

The validation results demonstrate that the proposed method can consistently gener-
ate coordinated reinforcement geometry for L-, T-, cross-, and Z-shaped variable-section
columns within the investigated parameter range. The engineering relevance of these sec-
tion types is supported by their explicit inclusion in JGJ 149-2017. However, the present
study does not provide statistical evidence regarding the overall prevalence of variable-
section special-shaped columns across the construction industry. Across 264 representative
control points, the mean spatial deviation was 0.161 mm and the maximum deviation was
0.52 mm. In all 12 validation cases, the longitudinal-rebar trajectories remained positionally
continuous and the stirrup boundaries remained geometrically compatible with the inclined
longitudinal reinforcement. The largest deviation occurred locally in case Z-2 under the
enhanced sectional-variation condition and did not indicate systematic geometric drift.

Compared with previous BIM-based reinforcement studies, the methodological contri-
bution of this study lies in the explicit boundary-to-control-point mapping used to coordi-
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nate reinforcement geometry under multidirectional sectional variation. Existing studies
have demonstrated reinforcement optimization, intelligent layout, clash avoidance, quantity
extraction, fabrication-oriented applications, and API-based generation for variable-section
or geometrically specialized components [5,9,10,12,34,35]. The present method specifically
addresses the coupled geometric response of longitudinal and transverse reinforcement to
changes in non-rectangular sectional boundaries. Sectional variation is mapped directly to
the control points defining longitudinal-rebar trajectories, while the same geometric change
is propagated to stirrup boundaries as a function of elevation. Thus, the two reinforcement
systems are coordinated within a common geometric framework rather than treated as
independent generation tasks.

The integration of reinforcement generation with BIM information output further en-
ables generated reinforcement geometry to be transferred directly into structured attributes
such as bar type, diameter, geometric length, strength grade, and quantity. The geometric-
length comparison showed relative deviations of 0.044-0.097%, with an overall value of
approximately 0.069%, while the independently calculated and Schedule-extracted rein-
forcement counts were identical in all validation cases. The consistently positive Schedule-
to-reference length differences indicate a small systematic difference between the analytical
geometric-length calculation and the length representation used in the BIM environment,
although the individual contributions of geometric representation and internal numeri-
cal processing were not isolated in this study. The present verification is limited to the
nominal reinforcement geometry, geometric lengths, and bar counts represented in the
BIM model. Prescribed anchorage- or lap-related dimensions explicitly incorporated into
the reinforcement geometry are reflected in the corresponding model lengths; however,
fabrication-specific constraints and adjustments—including grade- and diameter-dependent
minimum bend radii, bend deductions, couplers, splice hardware, anchorage modifications
not explicitly represented in the model, and project-specific bar-bending rules—require
additional treatment before the generated reinforcement information can be used directly
for fabrication.

The current framework has a clearly defined range of applicability and is primar-
ily intended for regular variable-section special-shaped columns with clear correspon-
dence between the upper and lower sectional boundaries. When column limbs are intro-
duced, removed, or otherwise undergo topological changes, the corresponding boundary
relationships must first be re-established. For curved, free-form, or arbitrarily oriented
three-dimensional variations, the current Cartesian formulation would need to be general-
ized using local coordinate frames, vector-based displacement descriptions, and spline-,
B-spline-, NURBS-, or surface-based boundary mapping. Curved transitions that preserve
the same sectional topology may retain the existing boundary-correspondence concept
but require curve-based trajectory and boundary representations. In contrast, topology-
changing sections require a deeper extension because the sectional correspondence itself
must be reconstructed, including boundary-feature identification and reinforcement-path
assignment. The present implementation is deterministic and generates reinforcement ge-
ometry from prescribed design dimensions and detailing parameters; construction-induced
dimensional and reinforcement-placement tolerances are not explicitly modeled. A formal
robustness assessment would therefore require tolerance-based perturbation or uncertainty
analysis of section dimensions, concrete cover, and reinforcement positions. In addition,
the explicit control-point and centerline representation provides a geometric basis for fu-
ture clash detection and constrained reinforcement adjustment, while adaptation to other
design standards would require corresponding code-dependent cover, spacing, anchorage,
confinement, and bending rules to be redefined and validated.
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Accordingly, the proposed method should be regarded as a geometric instantiation
framework rather than a replacement for structural analysis, reinforcement design, or com-
prehensive reinforcement optimization. Structural design determines the reinforcement
configuration, while the proposed method converts the predefined configuration into coor-
dinated BIM reinforcement geometry. Symmetry-based replication is optional: prescribed
asymmetric layouts can be generated independently through their corresponding section
boundaries and control-point coordinates, whereas load-dependent determination of asym-
metric reinforcement demand, including that associated with eccentric loading, remains
outside the scope of the present study. Future work may extend the framework to topology-
changing and curved sections and integrate it with reinforcement optimization, automated
rule checking, clash resolution, construction-tolerance assessment, and fabrication-oriented
information workflows.

6. Conclusions

This study developed a geometry-driven parametric BIM method for reinforcement
generation in variable-section special-shaped columns. By mapping sectional dimensions
and reinforcement-detailing parameters to explicit control-point coordinates, the method
establishes a unified geometric representation for longitudinal reinforcement and elevation-
dependent stirrup generation in L-, T-, cross-, and Z-shaped columns.

Across 264 representative control points, the mean spatial deviation was 0.161 mm
and the maximum observed spatial deviation was 0.52 mm. Compared with conventional
manual Revit modeling, the average modeling time decreased from 792.8 s to 54.8 s, with
a mean case-specific time reduction of 93.03%. Independent quantity verification further
showed an overall reinforcement-length deviation of approximately 0.069%, while the
independently calculated and Schedule-extracted reinforcement quantities were identical
across all validation cases.

The current method is primarily applicable to regular variable-section special-shaped
columns with clear correspondence between upper and lower sectional boundaries. Future
work should extend the framework to topology-changing, curved, free-form, and more
general three-dimensional transitions, as well as construction-tolerance assessment, complex
reinforcement connections, automated rule checking, clash resolution, and fabrication-
oriented information exchange.
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