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Abstract. This study investigates the seismic performance of reinforced concrete large-panel precast
buildings, focusing on their nonlinear response under various earthquake scenarios. The widespread use
of Large-Panel Buildings (LPBs) in seismically active regions, coupled with their unique structural properties
and limitations of current analysis methods, requires a more comprehensive understanding of their behavior
during earthquakes. A detailed numerical model was developed to capture the complex dynamics of LPBs,
including nonlinear material properties, panel-to-panel interaction, and connection behavior under dynamic
loading. The research methodology used advanced computational techniques, including nonlinear time
history analysis and local response examination of critical elements, with a particular focus on connection
regions. The results demonstrate significant differences between traditional code-based linear analyses
and nonlinear dynamic analyses, especially in predicting damage distribution and interstory drift ratio (IDR).
Specifically, the nonlinear analysis revealed a concentration of damage in lower stories, with maximum IDR
values of 0.282 % in the first story for high-intensity scenarios, contrasting with the code-based predictions
of 0.178 % in the middle stories. Furthermore, the study identified limitations in current industry-standard
software, particularly in hysteresis modeling capabilities for LPB-specific behavior. These findings
underscore the critical importance of employing nonlinear analysis techniques for accurate seismic
performance assessment of LPBs and underscore the need for software enhancements to better represent
the unique characteristics of these structures in seismic regions.
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1. Introduction

Large-Panel Buildings (LPBs) have played a key role in the history of urban development and
industrial construction worldwide. Introduced in the early 20™ century and widely adopted in the post-World
War Il period, LPBs provided as a rapid and cost-effective solution to acute housing shortages, particularly
in Eastern Europe and the former Soviet Union [1]. These structures, characterized by their prefabricated
concrete panels assembled on-site, revolutionized the construction industry by offering significantly faster
construction and reduced labor costs compared to traditional methods [2].
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Despite their widespread use and the advantages they offered in terms of construction speed and
cost effectiveness, the seismic performance of LPBs has been a subject of ongoing concern and study by
structural engineers [3]. Another crucial aspect of LPB seismic behavior is the potential for progressive
collapse. Inadequate connection design or its deterioration can lead to disproportionate failure under
seismic loads, where the failure of a single structural element may trigger a cascading collapse of a larger
portion of the building [4]. This risk underscores the importance of accurate modeling and assessment of
connection behavior in LPBs.

Many LPBs have demonstrated surprising resilience during earthquakes, prompting further
investigation of their complex behavior under seismic loads [5, 6]. This dichotomy underscores the need
for more sophisticated analysis techniques to accurately assess and predict LPB performance in
earthquakes. The variability in performance can be attributed to factors such as construction quality,
regional design practices, and specific characteristics of seismic events [7].

Analytical studies of LPB seismic performance have evolved significantly over the years, reflecting
advancements in both computational capabilities and understanding of structural dynamics. Early research
focused on simplified linear models, which, while providing initial insights, failed to capture the full
complexity of LPB behavior during seismic events [8]. These models were often based on assumptions that
did not adequately represent the unique characteristics of precast panel structures, such as the behavior
of connections under dynamic loading.

More recent studies have used advanced numerical methods and nonlinear analysis techniques to
better understand the dynamic response of the structures [9]. These analyses have underscored the
importance of several critical factors in LPB seismic performance: connection behavior under dynamic
loading, panel-to-panel interaction, the influence of openings on overall structural integrity, and nonlinear
material properties of precast concrete elements [10]. Taking these factors into account has led to more
accurate predictions of LPB behavior under seismic loads but has also revealed the complexity of the
problem and the limitations of current analytical tools.

Despite these advancements, there is still a pressing need for more sophisticated and accurate
models to predict the seismic response of LPBs. The complexity of these structures, including the
interactions between individual panels, the role of connections, and the nonlinear material behavior under
extreme loading conditions, requires the development of comprehensive analytical tools [11]. Such models
are crucial not only for assessing the safety of existing LPBs but also for developing retrofit strategies and
designing new structures in seismic regions [12].

However, current industry-standard software is often unable to accurately model the unique
characteristics of LPBs [13]. Common limitations include restricted options for hysteresis models, inability
to modify parameters of standard hysteresis models, and a lack of specialized elements for modeling panel
connections. These shortcomings can lead to potential misrepresentation of LPB behavior under seismic
loads, especially when relying on traditional code-based or linear dynamic analyses [14, 15].

The importance of accurate seismic performance assessment for LPBs cannot be overstated. These
structures continue to house millions of people worldwide, often in seismically active regions [16]. The aging
of these buildings, combined with evolving seismic design standards, has created an urgent need for
reliable assessment methods to inform decisions about renovation, retrofit, or replacement [17].

This study aims to address these challenges by presenting a detailed nonlinear seismic response
analysis of a reinforced concrete large-panel precast building. Using state-of-the-art computational
methods, the dynamic behavior of a representative LPB under various seismic scenarios is investigated.
The analysis includes advanced material models specific to precast concrete behavior, detailed
representation of panel connections and sensitivity analysis to damping variations.

By providing a comprehensive understanding of the structure’s response, including potential failure
modes and performance limits, this research contributes to the broader goal of enhancing the seismic
resilience of LPBs and similar precast concrete structures. The study specifically focuses on developing a
numerical model for nonlinear analysis that can represent the particular seismic behavior of LPBs,
comparing results from traditional code-based and linear dynamic analyses with those from nonlinear
analysis, investigating the sensitivity of structural response to damping variations, analyzing local
responses of critical elements (particularly in connection regions), and identifying shortcomings in current
analysis software while proposing recommendations for their modernization.

2. Materials and Methods

The object of the study is a typical residential apartment building of reinforced concrete large-panel
precast type series 92, located in Vladikavkaz city (Fig. 1): 9-story 1-section building with plan dimensions
24.6x12.6 m. The story height is 3 m. External walls are 300 mm thick panels, internal walls are 160 mm
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thick single-layer panels, partitions are 80 mm thick. Floor panels are 160 mm thick. Concrete grade — M150
(f. =8.5MPa, E; =24000 MPa), reinforcement — A-l (Rg =240 MPa, Eg = 200000 MPa).
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Figure 1. Object of the study: a) elevation, b) plan.

The details of the horizontal and vertical panel connections are shown in Fig. 2.
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Figure 2. Details of the building.

3. Modeling Assumptions

In the modeling of large-panel precast structures, it is conventional to assume that the solid panels
exhibit linear elastic behavior. This assumption is justified by the anticipated function of these elements
within the structure’s overall seismic response. Typically, wall panels are considered to behave in an elastic-
brittle manner with respect to in-plane normal forces. Any potential nonlinear or inelastic behavior is often
deemed negligible in the panels themselves and is concentrated in the connection regions, where it can be
more effectively modeled and analyzed [11].

The floor system acts as a series of rigid diaphragms. The primary objective of the research is to
evaluate the building’s lateral load-resisting system and the global seismic response of the building. That’s
why the precast floor panels were replaced by continuous floor that ensures rigid diaphragm action for
uniform force distribution, a key factor in global seismic performance [18].

The foundation is rigid.
The following assumptions are made for the connection [19]:

e all points of the horizontal section remain in one plane after the force is applied (plane
sections remain plane);
o for the tensile zone of the section, the tensile strength of concrete is not taken into account;

e normal compressive stresses distribution along the section is linear or bilinear.
Linear normal stress distribution is taken when the maximum value of compressive stresses G o«
does not exceed the value of compressive strength of concrete R.. Otherwise, a bilinear diagram

consisting of two zones is taken, in the first of which, the compressive stresses change linearly from
Gmin > O (positive values are taken for the compressive stresses) to G = Re, and in the second zone,
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the values are constant and equal to R.. During the analysis, it is assumed that within the length of the

linear zone, the material of the is elastic, and in the zone where G, = R., itis in the plastic state.

The bilinear diagram of compressive stress allows to describe all designed situations and includes
linear and rectangular diagrams of normal compressive stresses as special cases (Fig. 3).
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Figure 3. Normal o and shear T stress distribution in the horizontal connection in the combined
shear-compression action: a), b) compression along the entire length of the section, respectively
for linear and bilinear distributions; c), d) compression in portion of the length of the section.

The finite element method software LIRA-SAPR is used for numerical analysis.

Nonlinear behavior of the horizontal connection region is modeled by a combination of two finite
elements (FEs) (Fig. 4) [20, 21]:

e 2-node link element (FE 255) for modeling shear keys (Fig. 5);
e shell element (FE 259) representing stress distribution in the connection region (Fig. 6).

The precast walls and floor panels are modeled with elastic shell element (FE 44). The connection
behavior between floor and wall panels is modeled without any eccentricity, is also represented using
FE 44.

Vertical connections, including shear keys, are simulated using 2-node link elements (FE 255),
incorporating the total cross-sectional area of welded reinforcing steel bars to ensure accurate shear
transfer [22].

The mechanical properties of FE 255 (for vertical connections) and FE 259 (for horizontal
connections) are determined in compliance with the Code of Practice SP 335.1325800.2017 “Large-panel
construction system. Design rules” (issued by the Ministry of Construction and Housing and Communal
Services of the Russian Federation). The parameters presented in Table 1, including stiffness, strength,
and deformation capacity, are derived from material properties (concrete grade, reinforcement yield
strength) and shear key geometry (dimensions, reinforcement detailing).
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Figure 4. FE implementation of the horizontal connection region in LIRA-SAPR software.
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Figure 5. 2-node link element (FE 255).

Table 1. 2-node link element (FE 255) parameters.

Formula

Description

The design shear strength of one shear key:

Vb =1.5Rg Agy
Vp =minqV; = Rb,locA: @
Vcrc,b = O'7Rbt Aj

Vshb — Shear strength for shear;
Vc,b — shear strength for crushing;

Verep — shear strength for shear cracks opening;
Rpt — design tensile strength of grouting concrete;
Rb,loc — crushing strength, taken equal 1.5Ry — for
single keys; Ash — shear area; Ac — crushing area;

Aj — cross-sectional area: Aj = Sbtbmonv

where spt — distance between shear keys;
bmon — wall thickness of the grouting area.

The elastic pliability of one shear key:

1 1
+

oo | ——+———

1 > Eb,(o Eb,mon

Ay = (2
Aioc

The pliability after shear cracks:
6 1 1
= +
dsns Eb,m Eb,mon

2
kx

©)

Aloc — loaded area;
lioc — shear key height (recommended lioc = 250 mm);
Eb — elastic modulus of concrete precast element;
Eb,mon — elastic modulus of grouting concrete;
ds — connection rebars diameter;
ns — number of the connection rebars.

The elastic stiffness along z-axis:

k, =EA;/h (4)

Fy — yield strength of the rebar;
E — elastic modulus of the rebar;
As — rebar cross-sectional area;
h — rebar length (equal to the connection height).

G — 1 relation for FE 259 that represents the theoretical assumptions for the connection section
described previously are presented in Fig. 6a. In general, FE of platform connection behavior may be

described with 6 — ¢ diagram presented in Figs. 6b, 6c¢.
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Figure 6. Shell element (FE 259): a) o-1 relation, b) o-& diagram, c) o-€ diagram for object of study.

During short-term compression for a mortar with a compressive strength of 1 MPa or more, with a
connection thickness of 10—20 mm, pliability coefficient of the mortar bed joint A,;, mm3/N:

for oy <1.15RZ° -, =1.5-10°R%3, ; (5)
for 2RZ% >1.15R2® -2, =5-10°RZ%t, . ®)
Pliability coefficient of the connection:
h B
Moot =| A +Ap + =t |——, 7
c,pl ( m m EbJBpl_hv (7)

where Mn and km—upper and lower mortar bed connection flexibility coefficients; hs| — floor panel height;

B, — contact areas width; h, — connection width between floor panels.

p
Strain:
Ao
e=——. (8)
h,
Stresses:
o =1.15R%3; ©)
o2, = 2R%3: (10)
o), :1.010%. (11)

This study prioritizes overall building performance, where precise opening effects are secondary to
the global lateral resistance, therefore, the panels with openings were replaced with solid panels of reduced
stiffness. The reduction factor was calculated as the ratio of the wall area with openings to the wall area
without the openings. The reduced stiffness accounts for the weakening effect of openings while
maintaining computational efficiency. For detailed local stress analysis (e.g., around openings), a refined
micro-modeling approach should be adopted, which is the subject of future research. To reduce the
computational time, the optimal FE mesh size was determined by considering three mesh sizes: 0.1 m,
0.2m, and 0.4 m (Table 2). In the case of panels with openings, which complicate the computation by
stress concentrations, these panels were replaced with solid panels of reduced stiffness. The reduction
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factor was calculated as the ratio of the wall area with openings to the wall area without the openings. Mesh
sensitivity was conducted for nonlinear dynamic history analysis. The analysis time, maximum
displacement and maximum interstory drift ratio (IDR) were compared with the reference model. As a result,
the FE mesh of the wall panels was set to 0.4x0.4 m, and the FE mesh of the connections was set to
0.4x0.1 m.

The resulting FE model in LIRA-SAPR is shown in Fig. 7.

The self-weight and live load were applied according to the Code of Practice SP 20.13330.2016
“Loads and actions” (issued by the Ministry of Construction and Housing and Communal Services of the
Russian Federation).

Table 2. Mesh sensitivity analysis.

Analysis Max Error relative to
No. Description aly displacement, Max IDR, %
time Model 1, %
mm

1 Mesh 0.1x0.1 m with openings 5'40" 93.9 0.457 -

2 Reduced (Mesh 0.1x0.1 m) 551" 94.7 0.473 3.383
Reduced (Wall Mesh 0.2x0.2 m; 1A

3 Connection Mesh 0.2x0.1 m) 310 94.9 0.476 3.992
Reduced (Wall Mesh 0.4%0.4 m; -

4 Connection Mesh 0.4x0.1 m) 224 94.8 0.48 4.7192
Reduced (Wall Mesh 0.1x0.1 m; 1oy

5 Connection Mesh 0.2x0.1 m) 532 94.3 0.48 4.796
Reduced (Wall Mesh 0.1x0.1 m; 1A

6 Connection Mesh 0.4x0.1 m) 510 9L.9 0.48 419

7 Reduced (Wall Mesh 0.2x0.2 m; 319" 94.1 0.483 5.383

Connection Mesh 0.4x0.1 m)

Figure 7. FE model of the building in LIRA-SAPR software: a) initial model with openings,
b) model with solid panels.

4. Analysis Methods

The model was subjected to two components of ground motion of the 1988 Spitak, Armenia,
earthquake (Figs. 7, 8). The earthquake, with a surface wave magnitude of 6.8 and a maximum MSK-64
intensity of X (Devastating), occurred in the northern part of the Armenian Republic of the Soviet Union on
December 7, 1988, resulting in thousands of deaths and injuries [23]. The ground acceleration records are
shown in Figs. 8, 9.

The following load cases were applied to the building model:

¢ Nonlinear dynamic analysis for two components of unscaled ground motion.
e Linear dynamic analysis for two components of unscaled ground motion.

e Linear code-based analyses according to the Code of Practice SP 14.13330.2018 “Seismic
building design code” (issued by the Ministry of Construction and Housing and Communal
Services of the Russian Federation) for intensity levels VI, VIII, IX of the MSK-64 scale.

e Linear response spectrum analysis for unscaled ground motion response spectrum shown
in Fig. 10.
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Four different damping ratio values were investigated in nonlinear dynamic load case, namely 2, 3,
4, 5 % of critical damping.

The ground motion was scaled for three different intensity levels for nonlinear dynamic load case
with 5 % of critical damping to compare with code-based analyses, namely 0.1 g, 0.2 g, and 0.4 g.
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Figure 8. Ground acceleration record (Spitak, Armenia, 1988, Gukasian station, component 000).
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Figure 9. Ground acceleration record (Spitak, Armenia, 1988, Gukasian station, component 090).
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Figure 10. Response spectrum (Spitak, Armenia, 1988, Gukasian station, component 000).

The nonlinear and linear analyses were performed using an explicit integration of the equation of
motion [24]:
MX +Cx + Kx = —Mea (1), (12)

where X =U - unknown vector of nodal displacements; X =V — nodal velocity vector; X=a — nodal
acceleration vector; ag (t) — ground acceleration; € — direction cosines vector; M — mass matrix; C —
damping matrix; K - stiffness matrix.

Analysis parameters:

e Newmark-beta method (average constant acceleration with Y = 0.5 and [} = 0.25) is used
for direct integration of the equations of motion.

e Modified Newton—Raphson method is used for solving nonlinear equations at each time step.

LIRA-SAPR offers two predefined hysteresis models for nonlinear analyses: a peak-oriented model
and an isotropic hardening model (Figs. 11a and 11b, respectively). For the current study, the peak-oriented
hysteretic model (Fig. 11a) is used [25].

However, it is crucial to underscore a significant limitation of LIRA-SAPR: the inability to modify or
customize the analytical parameters and parameter of these standard hysteresis models. While this
constraint may be acceptable for conventional structures, it presents a considerable challenge when
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analyzing LPBs and other precast panel structures. LPBs exhibit unique strength and stiffness degradation
behaviors that deviate from those of monolithic structures, primarily due to their distinct assembly methods
and connection characteristics [26].

e Total integration time is 20 sec.

e Integration step is 0.01 sec.

OA

T

[ee]
b 4

(PN

Figure 11. LIRA-SAPR’s hysteresis models: a) peak-oriented model, b) isotropic hardening model.

5. Results and Discussion

The natural period of the structure is 0.367 sec in the Y direction (short), the second mode period is
0.211 sec in the X direction (long). The mode shapes are shown in Fig. 12.

a b
Figure 12. Mode shapes: a) first mode shape (T, = 0.37 sec), b) second mode shape (T, = 0.21 sec).

Fig. 13 illustrates the maximum displacement profiles for various analytical approaches: nonlinear
and linear dynamic analyses, code-based MSK-8, and response spectrum methods. The results
demonstrate good correlation along the building height, with slightly elevated values for the nonlinear case.

Notably, the roof displacement time history (Fig. 14) reveals significant discrepancies between linear
and nonlinear dynamic load cases. While maximum positive displacements are comparable (19.5 mm for
linear, 20.2 mm for nonlinear), the negative displacement in the nonlinear case is approximately half that
of the linear case (-9.5 mm vs —18.9 mm, respectively).
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Figure 13. Displacements for different load cases.
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Figure 14. Roof displacement.

A critical finding pertains to the IDR response under varying seismic intensities. The IDR, a key
indicator of structural damage [27], exhibits marked differences in both distribution and magnitude across
analytical methods. Code-based analyses predict maximum IDR at mid-height, whereas nonlinear analyses
indicate peak IDR in the first story. This disparity intensifies with increasing seismic intensity. For instance,
under MSK-8 loading, the maximum IDR is 0.089 % (6% story) in code-based analysis versus 0.085 % (15t
story) in the 0.2 g nonlinear case. For MSK-9, these values diverge further: 0.178 % (6™ story) in code-
based analysis compared to 0.282 % (15t story) in the 0.4 g nonlinear case. The damage pattern predicted
by the nonlinear analysis, with concentration in the lower stories, aligns closely with observations from post-
earthquake inspections of large panel buildings [28], lending further credence to the nonlinear approach.

These findings underscore the critical importance of nonlinear analyses in seismic performance
evaluation, as traditional code-based analyses may yield potentially misleading results, particularly in
damage distribution prediction and IDR estimation.
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—&—MSK-9
3
2+
1 f L s
0.000 0.100 0.200 0.300

IDR (%)
Figure 15. IDR for different load cases.

The graph of the IDR (Fig. 16) exhibits a similar pattern across different damping values, with the
maximum drift occurring at the first story. However, the differences in these values are significant, with
variations up to 25 %. This notable discrepancy underscores the importance of accurately determining the
appropriate damping ratio, which necessitates thorough investigation in future research.
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Figure 16. IDR for different damping ratios.

Despite the disparity in IDR values, the overall response in both cases remains relatively low when
compared to the commonly accepted ranges for performance-based design as specified by building codes
[29]. However, it is important to note that there are currently no established acceptance criteria specifically
tailored for LPBs, underscoring the urgent need for the development of such criteria. These should account
for the unique behavior and fragility characteristics of this structural type.

The local response of the connection region in the corner panel of the first story was examined for

nonlinear dynamic load case. Particular attention was given to the behavior of specific FE within this critical
area.

Fig. 17 illustrates the axial stress response for FE 259. The observed stress state is exclusively
compressive, aligning with the initial modeling assumptions and the desired connection behavior. The
ultimate strength of the element is 7100 kPa, while the maximum response reached 3071 kPa. This
response indicates that the element experienced low to medium damage, which is consistent with the
observed damages [7].

-500
-1000
-1500
-2000
-2500
-3000
-3500

Axial Stress (kPa)

0 5 10 15 20
Time (sec)

Figure 17. Axial stress response for FE 259.

The shear force response of the shear key element (FE 255) is depicted in Fig. 18. The ultimate
shear strength of this element, as calculated using equation (1), is 45 kN. Fig. 19 presents the relationship
between shear force and shear deformation for this element. The data indicate that the element attained
its ultimate strength, suggesting the possibility of shear key failure [30]. It is noteworthy that the peak
response for FE 259 was recorded at approximately the same time step, underscoring the interaction
between axial and shear responses in the connection region.
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Figure 18. Shear force response for FE 255.
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Figure 19. Hysteresis for FE 255.

6. Conclusions

The findings of this paper contribute to the understanding of LPBs seismic behavior and underscore
the critical importance of nonlinear analysis in accurately assessing and predicting the seismic performance
of these structures.

1. A comprehensive numerical model for nonlinear seismic analysis of LPBs was successfully

developed. This model effectively captured the unique seismic behavior of LPBs, including panel-
to-panel interactions, nonlinear material properties, connection behavior under dynamic loading.

2. Substantial differences were observed between traditional code-based and linear dynamic

analyses versus nonlinear analysis:

IDR distribution: code-based analyses predicted maximum IDR at mid-height, while nonlinear
analyses indicated peak IDR in the first story.

IDR magnitude: for MSK-9 intensity, code-based analysis predicted a maximum IDR of 0.178 %
(6 story), whereas nonlinear analysis for 0.4 g PGA showed 0.282 % (15t story).

Damage pattern: nonlinear analysis results aligned closely with post-earthquake observations,
predicting concentration of damage in lower stories.

3. These results underscore the importance of nonlinear analysis in accurately predicting LPB

behavior under varying seismic intensities.

4. The notable discrepancy in response for different damping ratios (up to 25 %) was observed for the

model.

5. Examination of local responses in critical elements provided valuable insights:

Shell element FE 259 (axial stress): maximum response of 3071 kPa, indicating low to medium
damage state.

2-node link element FE 255 (shear force): reached ultimate shear strength of 45 kN, suggesting
potential shear key failure.

Correlation observed between peak responses of FE 259 and FE 255, indicating interaction
between axial and shear responses in connection regions.

6. To improve the accuracy of LPB seismic analysis, the following software modernizations are

recommended:

Implementation of flexible, user-customizable hysteresis models.
Development of specialized elements for modeling panel connections and connections.
Enhancement of post-processing capabilities for detailed local response analysis.
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