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Abstract

This study investigates the seismic rehabilitation of existing reinforced concrete (RC) moment frames with masonty
infill walls using a rocking wall system. A 5-story RC building originally designed according to older Iranian seismic
codes (Standard 2800, 3rd edition) was selected as a case study. The structure was analyzed in two configurations: 1)
original frame with infill walls (without retrofit), and 2) frame retrofitted with a post-tensioned rocking wall system.
Nonlinear static pushover analyses were performed using SAP2000, with verification in OpenSees. Results show that
the rocking wall system significantly improves seismic performance. Roof displacement decreased by approximately
66% (from 10.8 cm to 3.6 cm), inter-story drift ratios reduced by 65—78% to within allowable limits (=0.0055), and
plastic hinge formation was controlled within acceptable levels (IO and LS). The rocking wall effectively dissipated
seismic energy while protecting primary structural elements. However, residual deformations and construction
complexity remain challenges. The rocking wall system is confirmed as an effective rehabilitation technique for infilled

RC frames in high-seismic regions.

Keywords: Seismic rehabilitation, Rocking wall, infill wall, RC moment frame, Pushover analysis, SAP2000,
OpenSees.

1| Introduction

During severe earthquakes, the performance and resilience of structures, along with their energy dissipation
capacity, are criticala In recent years, the increasing frequency and magnitude of seismic events have
highlighted the urgent need for innovative rehabilitation techniques. One promising approach is the use of
rocking wall systems, which allow controlled uplift at the base, concentrating damage in replaceable fuse
elements and reducing demands on the primary frame [1-3].

Corresponding Author: h.ghafouri94@gmail.com
d ) https://doi.org/10.48314/jcase.v3i2.82

Licensee System Analytics. This article is an open access article distributed under the terms and conditions of the Creative
@® Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0).


mailto:dastam66@gmail.com
mailto:h.ghafouri94@gmail.com
https://doi.org/10.48314/jcase.v3i2.82
http://creativecommons.org/licenses/by/4.0
http://www.case.reapress.com/
mailto:h.ghafouri94@gmail.com
mailto:Moez.h@gmail.com
mailto:aini.ali@gmail.com

Seismic rehabilitation of infilled reinforced... 118

Fig. 1. Damage to infill walls during the 2017 Kermanshah earthquake.

Masonry infill walls are commonly used in Iranian construction, but their structural effects are often neglected
in design. Infill walls can increase stiffness and strength but may also create soft-story mechanisms or short-
column failures [4-6]. Modern seismic codes (Iranian Standard 2800, 4t edition) now require consideration
of infill effects.

The rocking wall system, first studied by Housner [7], allows a reinforced concrete wall to rock on its
foundation during an earthquake. Post-tensioning tendons provide self-centering, while energy-dissipating
devices (e.g., mild steel bars or dampers) absorb seismic energy [8], [9]. Wu & Yang [10] showed that infilled
rocking wall frames exhibit controlled deformations and reduced structural damage.

This study evaluates the seismic rehabilitation of an existing 5-story infilled RC moment frame using a rocking
wall system, comparing performance before and after retrofit through nonlinear static (pushover) analysis.

2| Methodology
2.1| Case Study Description

A 5-story residential building located in Rudsar, Gilan Province, Iran, was selected. The original design
followed the Iranian Standard 2800 (3™ edition) and the National Building Code. An additional story was
constructed beyond the original permit, making seismic evaluation essential.

Structural properties:
I. Structural system: Intermediate RC moment frame.
II. Number of stories: 5.
III.  Story height: 3.25 m (except ground floor: 2.80 m).
IV. Concrete strength: f'c = 21 MPa.
V. Reinforcement: AIII (fy = 400 MPa) for main bars, All (fy = 300 MPa) for stirrups.
VI Soil type: Type IV (very soft soil).
VIIL.  Seismic zone: High-risk (A = 0.30g).
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2.2 | Infill Wall Modeling

Infill walls (150 mm thick hollow clay blocks) were modeled using equivalent diagonal strut elements
following Iranian Seismic Rehabilitation Code (Publication No. 360). The equivalent strut width (a) was
calculated using:

a=0.175 x (?\1 X hinf)A(_OA) *rinf;

)

where A is the relative stiffness parameter, h_inf is the infill height, and r_inf is the diagonal length. Where
subscript "inf" denotes the masonty infill wall propetties.

Table 2. Calculated diagonal strut widths for each story and span.

NO. Span hins Linf E¢ Ene Tinf tinf M a
(cm) (cm) (kg/cm?) (kg/cm?) (cm) (cm) (cm)
Y-story 5 1-2 290 520 2.10E+06 31550 595.399 15 0.01516  79.9
2-3 290 605 2.10E+06 31550 670914 15 0.01484 90.8
Y-story 4 1-2 290 520 2.10E+06 31550 595.399 15 0.01516  79.9
2-3 290 605 2.10E+06 31550 670914 15 0.01484 90.8
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Table 2. Continued.

NO. Sp an hinf Linf Efe Eme Linf tinf )\,1 a
(cm) (cm) (kg/cm?) (kg/cm?) (cm) (cm) (cm)
Y-story 3 1-2 285 520 2.10E+06 31550 592.98 15 0.0133 83.9
2-3 285 605 2.10E4+06 31550 668.768 15 0.013 95.4
Y-story 2 1-2 285 520 2.10E4+06 31550 592.98 15 0.0133 83.9
2-3 285 605 2.10E+06 31550 668.768 15 0.013 95.4
Y-story 1 1-2 240 520 2.10E4+06 31550 572713 15 0.01353 85.4
2-3 240 605 2.10E4+06 31550 650.865 15 0.01318 98.1

The modulus of elasticity for masonry was taken as Eme = 3155 MPa (weak grade with plaster). Strut force
capacities (Vi) ranged from 15,246 kg to 20,037 kg depending on story and span.

2.3 | Rocking Wall Modeling

The rocking wall (250 mm thick, 4.0 m long) was added at the building perimeter (Elevations A, D, and 3).
The wall was modeled with:

L. Gap eclements at the base (Figure 3-39 in thesis) to simulate uplift — these elements resist only
compression.

II. Post-tensioned tendons (Grade 270, ASTM A416) with E = 1860 GPa and initial prestress to provide
self-centering.

II. Energy dissipation through yielding of mild steel reinforcement at the wall base.

Restoring device

Energy dissipater

S

Fig. 2. Schematic of rocking wall system.

General Data
Material Name and Display Color TENDON-AS418Gr270

Material Type

Material Notes [i Modify/Show Notes. ]
WWeight and Mass Units
Weight per Unit Volume Kgf, cm, C -
Mass per Unit Volume
Uniaxial Property Data
Modulus of Elasticity, E 1860000
Coefficient of Thermal Expansion, A 1.170E-05
Shear Modulus, G 0.
Other Properties for Tendon Materials
Minimum Yield Stress, Fy 17000.
Minimum Tensile Stress, Fu 18900

] Switch To Advanced Property Display

[ ox ] cancel |

Fig. 3. 3D model of structure with rocking walls and infill.
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2.4| Nonlinear Static (Pushover) Analysis

Pushover analyses were performed in SAP2000 v.19 according to Publication No. 360. Two load patterns
were applied:

1. Modal pattern (proportional to first mode shape).

II. Uniform pattern (constant acceleration).
Target displacements were calculated using the coefficient method (ASCE 41-17):
8_t=Co-C1-C,-S_a-(T_e?/(41?))-g.
For the Life Safety (LS) performance level at Hazard Level 1: 6_target = 7.3 cm. For Collapse Prevention
(CP) at Hazard Level 2: §_target = 10.95 cm
Plastic hinges were assigned:

I. Beams: M3 moment hinges (deformation-controlled).

II. Columns: P-M2-M3 interaction hinges (deformation-controlled).
II.  Infill struts: axial force hinges (force-controlled).

Verification analyses were conducted in OpenSees using zero-length elements for gap behavior and truss
elements for tendons.

3| Results
3.1| Original Structure (Without Rocking Wall)

The original infilled frame exhibited unacceptable seismic performance:
I. Drift ratios exceeded the allowable limit (0.0055) by 100—250% across all stories.
II. Maximum roof displacement: 10.8 cm under EX lateral load.

II. Plastic hinges: Many columns exceeded LS and reached CP or near collapse. Several columns showed
hinge formation beyond acceptable limits.

IV. Infill walls: All infill panels fractured; equivalent struts reached CP level (complete loss of compressive
capacity).

Fig. 4. Plastic hinge formation in original structure (exceeding LS limits)
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Fig. 5. Pushover curve for original structure (without rocking wall).

3.2 | Retrofitted Structure (With Rocking Wall)

Adding the rocking wall dramatically improved performance:
I. Maximum roof displacement: Reduced to 3.61 cm (66% reduction).
II. Drift ratios: Decreased by 65—78% across all stories; all within the 0.0055 limit.

II. Plastic hinges: Most hinges remained within Immediate Occupancy (10) or LS. Only infill walls showed

collapse, as expected.

IV. Energy dissipation: The rocking wall absorbed significant seismic energy, reducing demands on beams
and columns.

Fig. 6. Plastic hinge formation in retrofitted
structure (within IO /LS limits)



123 Nattaj et al. | J. Civ. Asp. Struct. Eng. 3(2) (2026) 117-126

3.3 | Comparative Analysis

Table 3. Rocking wall greatly reduces drift (~70%) and improves safety.

Performance Indicator Without Rocking Wall With Rocking Wall Improvement
Max roof displacement (cm)  10.8 3.01 66% |

Max inter-story drift ratio 0.011-0.018 0.003-0.005 65-78% |
Column hinges Exceeded LS (near collapse)  Within IO/LS Acceptable
Beam hinges Exceeded LS Within IO/LS Acceptable
Infill walls Fractured (CP) Fractured (CP) Expected

DRIFT

*DRIFTX " DRIFT X

0.0120

0.0100

0.0080

0.0060
0.0042
0.0040 -
0.0024 0.0023 0.0023
0.0020

0.0000

Joint Object 82 Joint Element 82

1 2 3
Trans 3.61231 -0.67521 -0.11286
Rotn 8.833E-05 -2.185€-04 -7.630E-04

Fig. 8. Comparison of roof displacement.
3.4| OpenSees Verification

OpenSees analyses confirmed SAP2000 results:
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I. Base shear demands on the rocking wall reduced by 50-80% compared to a fixed-base wall.
II. Acceleration distribution was more uniform in the retrofitted structure.
III. Residual deformations were present but controlled by post-tensioning.
(Y-CM)

6.00

S UnWwall 0.59

w— wall 0.79

Fig. 9. Qualitative comparison of structural element performance.

4| Discussion

The rocking wall system effectively rehabilitates infilled RC moment frames through several mechanisms:

1. Drift control: By allowing controlled uplift, the rocking wall limits inter-story drift, preventing soft-story
mechanisms. The 66% reduction in roof displacement is consistent with findings by Wu & Yang (2017)
and Zibaei & Mokati (2014).

II. Energy dissipation: The yielding of mild steel at the wall base (and friction in the gap elements) provides
stable hysteresis without significant strength degradation.

III. Protection of primary frame: Plastic hinges were largely confined to the rocking wall and infill panels,
protecting beams and columns from severe damage. This aligns with the "damage concentration"
concept proposed by Eatherton et al. (2010).

IV. Infill wall interaction: Infill walls contributed initial stiffness but failed at low drift levels. In the
retrofitted structure, the rocking wall reduced drift sufficiently to delay infill fracture, though some
cracking still occurred.

Limitations:

I. Residual deformations: Despite post-tensioning, some residual drift remained after unloading.
Optimizing tendon force could reduce this.

II. Construction complexity: Retrofitting existing foundations with post-tensioning anchorage is
challenging and costly.

II. Higher mode effects: Pushover analysis primarily captures first-mode response; dynamic analysis is

recommended for validation.
5| Conclusions

I. The rocking wall system significantly improves seismic performance of infilled RC moment frames. Roof
displacement was reduced by 66% and inter-story drifts by 65-78%, bringing them within code limits
(£0.0055).



125 Nattaj et al. | J. Civ. Asp. Struct. Eng. 3(2) (2026) 117-126

IT. Plastic hinge formation was controlled; most structural elements remained within 10 or LS limits after
retrofit.

II. Infill walls, though beneficial for initial stiffness, are vulnerable to fracture. The rocking wall reduces drift,
mitigating infill damage.

IV. Post-tensioned tendons provide effective self-centering, though some residual deformation remains.

V. The rocking wall is a viable rehabilitation technique for existing infilled RC frames in high-seismic regions,
particularly for buildings requiring post-earthquake functionality.
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