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Abstract - Soft first story buildings, including Reinforced concrete frameworks, are particularly vulnerable
during severe earthquakes, making them a critical concern in densely populated cities where such buildings are
necessary. The Boumerdes earthquake stands out as one of Algeria's most devastating natural disasters in recent
history due to the significant loss of buildings and lives. A notable observation from this earthquake was the
collapse of many homes that had open retail spaces or parking areas on their first floors. Several factors
contributed to the collapse of these soft first story buildings:

1. Insufficient Transversal Reinforcement: There was a lack of adequate transverse reinforcement in terms
considering both of quantity and detailing.

2. More Flexible or Weaker First Story: The first story of these buildings was often more flexible or weaker
compared to upper stories.

3. Absence of Shear Walls: The absence of shear walls compromised the lateral load resistance of buildings,
especially those with open spaces on the first floor.

Due to the vulnerabilities highlighted by the Boumerdes earthquake, it is imperative to revise and strengthen the
Algerian Earthquake-Resistant Design Code (RPA) It is vital to implement stricter guidelines, particularly
regarding the construction of soft first-story buildings. These revisions should focus on improving the structural
integrity and seismic resilience of such buildings to reduce future risks during earthquakes. By updating the
seismic code with rigorous standards for the construction of soft first-story buildings, Algeria can enhance
building safety and reduce the potential for catastrophic damage and loss of life in future seismic events.

The objective of this analytical study is to propose amendments to the Algerian seismic code to mitigate the
collapse of soft first-story buildings during earthquakes. The study uses the energy constant law as its analytical
framework.

In this research, the buildings of interest were modeled using the SAP2000 software. The Pushover analysis
method was employed to analyze the seismic behavior of these structures.

Keywords: Soft story collapse, Algerian seismic design code (RPA), stiffness, story shear, drift, displacement,
shear wall, natural time period, Pushover Analysis

HOBBIN AJTBTEPHATHUBHBIN MMOJIXO/I K
NMPOEKTUPOBAHUIO CEUCMOCTOUKHNX
’KEJE30BETOHHBIX 3TAHUN
C THBKUM HEPBBIM 3TAKOM JJISI CTPOUTEJIBHBIX
HOPM AJI’KHPA (RPA)

Xamy Kaoa, Xeiip 300un Pamoan, Maopyk Xaman

YHuBepcuteT Hayku U TexHosoruu Opana, r. Opan, AJDKUP

AHHOTanMsi. 3/aHHs C TUOKMM TIIE€PBBIM O3Ta)KOM, BKJIFOYasl BBIITOJHEHHBIE B JKEJE300€TOHHOM Kapkace,
YSI3BUMBI TIPH CHIIBHBIX 3emieTpsceHnsix. ObecrieyeHre X CeHCMOCTOWKOCTH SIBIISIETCS KPUTHUECKH BaXKHOW
npo0JIeMOH B I'yCTOHACEJICHHBIX FOPO/IaX, TAe B TAKHX 3/IaHHUSAX CYLIECTBYET HEOOXOAMMOCTh. 3EMIICTPSICEHHE B
Bymepne siBisieTcsi OHUM M3 CaMbIX Pa3pyILIMTEIbHBIX CTUXUUHBIX O€/ICTBHH B HOBeMIIel McTOpuu AJDKHpa
13-3a 3HAUUTEJIBHBIX Pa3pyIICHUH 3/laHUH M YMCIIa MTOCTPa/aBIINX. B pesyibraTe 3TOr0 3eMileTpsiceHus ObLIO
OTMEUECHO 0OpYIIEHHE MHOTHX JIOMOB, Ha MEPBBIX dTa)Kax KOTOPBIX HaXOJMIUCh OTKPHITHIE TOPTOBBIE TUIOMIAAN
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WIN TIAPKOBOYHBIE 30HBL. OOpyHIEHWIO 3aHMH ¢ THOKMM TIEPBBIM 3TaXXOM CHOCOOCTBOBAIN HECKOJIBKO
(hakTopoOB:

1. HenmocrarouHoe momepeyHoe apMHpPOBAaHHME: KaK C TOYKH 3PEHMSI PACUYETHBIX, TaK W KOHCTPYKTHBHBIX
TpeboBaHuil OBUIO HEIOCTATOYHOE KOJMUYECTBO MOMEPEUHOM apMaTyphl.

2. bonee rubkwuii uiau Oosiee crnalblil MEPBBINA ATaXK: MEPBBIN ATAX ATUX 3AaHUI YacTo ObUT Oosiee THOKUM WITU
6oee cmabbIM IO CPAaBHEHHIO C BEPXHUMH 3TaKaMH.

3. OrcyTcrBHe nuadparM >KECTKOCTH: OTCYTCTBUE AuadparM KECTKOCTH CHIDKAJIO CONPOTHUBICHHE 3/IaHHN
TOPU30OHTAJILHBIM Harpyskam, OCO6eHHO JUIA 3HaHHﬁ C OTKPBITBIMU IIPOCTPAaHCTBAMU HA IICPBOM ITAXKE.

B cBsi3u ¢ ysI3BUMOCTSIMH, BBISIBJICHHBIMHU B pe3yJjibTaTe 3eMiieTpsiceHus B bymepe, Heo0X0IMMo epecMoTpeTh
U YCWINTh aJIDKUPCKUH KoJekc ceficMocToiikoro mpoekrtuposanust (RPA). Kpaitne BaxxHo BHenputh Oojee
CTpOTHE NpaBJia, 0COOEHHO B OTHOIICHUU CTPOUTEIHCTBA 31aHUI ¢ THOKHM IMEPBBIM 3TaKOM. DTH U3MEHEHHUS
JIOJDKHBI OBITh HANpaBJICHBl HA YJIYyYIICHHE CTPYKTYpHOH IEIOCTHOCTH M CEHCMOCTOWKOCTH TaKWX 3[IaHui,
YTOOBl CHM3UTH PUCKH B Cllydae 3emierpsceHnii B Oymaymem. OOHOBIEGHHE KOJIEKCa CEHCMOCTOWKOTO
CTPOMTEJBCTBA, BKIIOUCHHE B HErO CTPOTMX TPEOOBAHMH /ISl CTPOMTENBCTBA 3IaHUM C THMOKMM IEPBBIM
3TaXOM, TIO3BOJMTH IOBBICUTH O€30MACHOCTh 3J@HWH W CHU3UTH BEPOSTHOCTh KaTacTpOoPpUIecKux
MOBPEXXICHUN M THOCNH JTIOJIEH B CiTydae 3eMIICTPSCCHUN B AIDKHUpE B Oy IyIIeM.

Llenpto [aHHOTO AHATUTHYECKOTO HCCIENOBAHMS SIBIACTCS pa3pabOTKa MpEeAIoKEeHHH MO aKTyalIn3alnuu
MOJIOKEHUN aJKMPCKOTO KOJEKCa CEHCMOCTOHKOTO CTPOHMTENHCTBA C IENBI0 MPEAOTBPALICHUS OOpYyIICHHS
3JaHUH ¢ TUOKMM TIEPBBIM 3Ta)KOM BO BpEMsi 3eMIICTPSICEHHI. AHAIUTHYECKOE MCCIe0BaHue 0a3upyercs: Ha
UCIIOJIb30BaHHUHU 3aKOHA COXPAHEHHUS SHEPTUH .

B naHHOM wWcciieoBaHMM paccMaTpHBaeMble 3AaHHsl ObLIM CMOJICIMPOBAaHBI C TOMOIIBI0O MPOrPaMMHOTO
obecrieuennss SAP2000. [Ins anamm3a ceCMOCTOMKOCTH KOHCTPYKIMH OBUI HCIIOJIBb30BAaH HEJTMHEHHBINA
craruueckuii pacuer (Pushover-ananus).

KuaroueBbie ciioBa: 00pyIicHAE THOKUX 3Ta)Xel, alDKUPCKUH KOJEKC celicMOCTOMKOTO cTpouTenbeTBa (RPA),
JKECTKOCTb, CIBHT 3Taka, CMEIICHHUE, TIepeMeIIeHIe, JradparMma KeCcTKOCTH, IIEPHO COOCTBEHHBIX KOJICOaHHT,
Pushover-anamnus

1. INTRODUCTION

On May 21, 2003, a magnitude 6.8 earthquake
hit the Zemmouri region, located approximately
70 kilometers east of Algiers. With a focal
depth of roughly 10 km, it was the strongest
earthquake in Algeria since 1980, causing
widespread destruction. Over 2,200 people lost
their lives and more than 11,000 were injured,
largely due to the collapse of residential and
public buildings. This disaster revealed critical
shortcomings in seismic design and highlighted
the need to update and enforce Algeria’s
building codes.

The main structural
reinforced  concrete
summarized below:

1. Soft First Story Effects: This occurs when the
ground floor is less stiff compared to the upper
floors, making it more susceptible to collapse
during an earthquake.

2. Short Column Effects: Short columns
experience higher shear forces, which can lead
to failure if not properly designed.

observed in
buildings are

issues
(RC)
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3. Use of Weak and Slender Columns Poorly
Reinforced (Generally Unconfined): Columns
that are not adequately reinforced or are too
slender can buckle and fail under load.

4. Poor Detailing of Structural Joints:
Improperly designed connections between
beams and columns can weaken the overall
structure.

5. Inadequate Transverse Reinforcing Steel
Detailing (Tie Spacing and 90-Degree Hook):
Insufficient detailing of ties (spacing and hooks)
can lead to poor confinement and shear
resistance.

6. Poor Material Quality and Unsound
Construction Practices: The use of substandard
materials and inadequate construction methods
can significantly compromise the strength and
durability of a structure.

7. Neglect of Lateral Loads in Design: Failure
to account for lateral forces, including seismic
and wind actions, may result in inadequate
structural performance and potential collapse
under dynamic loading.
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8. Inappropriate Anchoring of Beam and Slab
Reinforcement: Improper anchoring can lead to
weak connections and potential failure points.

9. Use of Irregular Building Configurations
with  Discontinuities in  Mass, Strength,
Stiffness and Ductility: Irregularities in the
building's  design can  create  stress
concentrations and weak points.

10. Use of Weak Materials for Facades: Weak
facade materials can fail and contribute to
overall structural failure.

11. Use of Stiff Spandrel Masonry Walls
Resulted in Short Captive Columns that
Increased the Shear Demand Beyond the Shear
Capacity Supplied: Stiff walls can create
captive columns that are subjected to higher
shear forces than they can handle, leading to
failure.

These issues highlight the importance of proper
design, detailing, material selection, and
construction practices to ensure structural safety
and resilience of RC buildings.

The field investigation revealed that the
collapse of soft first-story buildings was
notably prevalent during the Boumerdes
earthquake, as illustrated in Figure 1.

This category of damage was even more severe
during the 1995 Kobe Earthquake is shown in
figure 2 and table 1. Therefore, the, the Japanese
Seismic Design Guidelines recommended a
design procedure to prevent the column side-
sway mechanism, or soft first-story collapse [1,
2-3].

Such structural deficiencies primarily result
from sudden variations in stiffness, strength, or
ductility, combined with the lack of shear walls
in the lower stories. Their detrimental impact is
amplified by poor mass distribution within the
structure.

Consequently, multistory reinforced concrete
commercial and residential buildings with
insufficient or absent lateral resistance at the
first story represent one of the most vulnerable
structural types.

his study introduces a procedure for
determining the failure modes of buildings
exhibiting a soft first story, derived from the
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failure mechanisms of columns and walls at that
level. Subsequently, a strength amplification
factor, denoted as a, is formulated according to
the energy conservation principle to represent
the additional capacity required at the soft story
for its ductility factor to be equivalent to that of
a total collapse mechanism [6, 8-9].

¥ |

Figure 1. Soft irst story collapses during

Boumerdes Earthquake, Algeria 2003. [1-4]

Figure 2. Chuo-ku, Kumamoto city, Japan [5]

Table 1. Damage observation in chuo-ku
Earthquake [5]

Damage Soft Shear Ground Moderate minor to
Type story deformation to severe moderate Total
Failure columns damage damage

Number of 8 4 3 4 3 22
buildings

2. METHODS

Following the damage caused by the presence
of flexible floors in buildings during the 1995
Kobe earthquake, Japanese  researchers
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highlighted the need to improve seismic design
codes to address this phenomenon.
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Figure 3. Energy method concept

Figure 3 illustrates the idealized load—
deformation (E-P) behavior of the system. The
work—energy relationship for this system can be
formulated as:

(Ee+ Bp) =7. G.M.S2)= .M. (-Sa. g (1)

Ee: Elastic Energy behavior. Ep: Plastic Energy
behavior. Sv: Pseudo-velocity. Sa: Pseudo-
acceleration.

The work-energy equation can be written as
follows:

) ) )b (3).
(E.5.0g) @

2’

Figure 4 illustrates the relationship between
strength and deformation for a single-degree-of-
freedom system.
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Figure 4. Energy constant law [2][8]
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Figure 4 illustrates the idealized indices DS’
(first soft-story index) and DS (collapse index).
Assuming an elasto-plastic model with identical
base stiffness for both buildings, the ratio
DS'/DS satisfying p = ' is given by Equation
(3).

Op= Ds/Ds (3)

The total stiffness of the collapse system is
considered equal to that of the soft-story
building [7], as shown in Figure 3. The
relationship is defined by Equation (4):

8, D,
5 = o @

Pushover Analysis

The buildings under investigation were
modeled using the SAP2000 software, and the
Pushover analysis method was applied. The
structures were subjected to incremental
loading distributed along their height, and the
resulting inelastic load-displacement curve was
obtained by controlling top displacement of the
structure, as illustrated in Figure 5. [10-13]

B g
Loading Severity

LY
7

Structural Displacement

Figure 5. Different loading steps structural
response levels [14][15]

Case Study

Three reinforced concrete buildings—G+5
(Case N1), G+7 (Case N2), and G+12 (Case
N3)—with varying first-story heights are
analyzed to assess the impact of the soft-story
configuration on the structure’s nonlinear
seismic response.
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Data

The dimensions and reinforcement of the
structural elements (beams, columns, etc.) used
in our case study are presented in Figure 6.

PRINCIPAL BEAM SECONDARY BEAM COLUMN SECTION
(40x50) e’ (40xd0)ern’ (35+35) cm’”
4714 cad./ep.08 -
T D i 4114 cad./ep.28 8114 |
o m Sl @mzﬂ {1, 73
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s 4T12 L35 *
40 40,

Figure 6. beams and column reinforcement
Lateral loads Distribution

The loads are distributed in a triangular form,
expressed by the following equation:

Qi:vh.wi.hf/z Wi h:i* )

Table 2. Load cases
Name Dead Live Eax Eay PSHx PSHy

Type | Linearstatic | Linearstatic | Linear static | Linearstatic | LateralLoad | Lateral Load

Model Analysis:
The numerical model developed using the
software is shown in Figure 7.

R+5. R+7.

Figure 7. Building model in SAP2000 [11,12]
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The fragility curve was obtained from the
analysis of the numerical model, as illustrated
in Figure 8.
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Figure 8. Pushover curve for R+5 building
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The performance point is defined by the
structure's capacity to respond to applied forces
and sustain stability under those forces,
identified at the intersection of the base shear
and displacement.[13][14][15][16].

The R+7 building with a 4 m ground-floor
height exhibits more significant damage,
demonstrating that the severity of damage is
directly affected by the first-story height: the
taller the first story, the greater the damage.

It is reported that the damage plastic hinges are
concentrated at the first story (ground floor),
highlighting the structural weakness of this
level in all three models.
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Figure 9. Inter-story displacement
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Figure 10. Development of plastic hinges

The difference in top displacement demand
between structures with and without a soft story
increases by a factor of 4 under low seismicity,
12 under moderate seismicity, and up to 32

under high seismicity.

\Volume 21, Issue 4, 2025

Sa/g
1.6
1.4 Seismicity
Low
1.2+ —— Moderate
— Hight
1.0
0.8
0.6
0.4
0.2 k
0.0 T T T T T
0.0 0.5 1.0 1.5 2.0 2.5
Period (s)
Figurell. Seismicity level
35
309 —a— (Hight)
—+— (Moderate)
25 —=— (low)
20
STRUCTURE WITHOUT
15 SOFT STORY
10
5
0 -\-*.—.\'—'"
0.0 02 0.4 06 0.8 10 K1r/Kleb

Figure 12. Lateral stiffness displacement in the

Sdeb/Sdr

story

SEISMICITY

—=— Low
—=+— Moderate
—a— Hight

Structure without
Soft storey

T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

K1rfK1eb
Figure 13. Lateral stiffness by increment
request in the story

107



ey -
s .
-

3

(L]

Storey NMumber

rot

Figure 14. Lateral stiffness of regular stories

5 (]
i m.n;
g T y
g I +L§
gl- - ()
» -0,
g v 0
g!- a0 d e 0
j 0
S 0
Lk . L | T:_d_,-.i 0]

I R
Mot
Figure 15. Lateral stiffness in the irregular
story

~

w

Storey Number
[

0 T T T T T
0.00 025 0.50 0.75 1.00 125

It
Figure 16. Lateral stiffness soft-unsoft story
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At the soft-story level, displacement can reach
up to 25% of the building’s total roof drift.
However, in structures characterized by a
pronounced soft-story mechanism, the first-
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story displacement may rise dramatically,
reaching 80-90% of the total top displacement.
For an equivalent seismic demand, the
displacement at the first story of a soft-story
building can increase by a factor of two to three
compared to a regular structure. This
demonstrates the considerable sensitivity of soft-
story configurations to lateral deformations.
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Figure 17. Lateral stiffness with reinforced
concrete column
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Figure 18 illustrates the variation of shear
forces across different levels as a function of _ R+12 story.
the ground-floor height. Figure 19. Comparison of base shear for R+5,
Shear force demands on ground story columns ~ R+7and R+12 storied buildings for different
are much higher in buildings with a first soft height Ground Floor

storey.
The characteristic factor Ds’ tends to rise as

. o . Table 3. Structural characteristic factor Ds’
building height increases. For a given structure,

. A, : Code R+5 R+7 R+12

th(_a d_|fference_ in this factor across various Japanese 05 055 0.65

seismic codes is around 5%. Euro 055 065 07
RPA 0.6 07 0.75-0.8
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Figure 19. Structural characteristic factor for
buildings with 5, 7, and 12 stories

4. CONCLUSION

The May 2003 Boumerdeés earthquake caused
significant damage, much of which experts found
could have been prevented. This prompted
authorities to devise comprehensive prevention
plans, especially in major cities like Algiers,
Oran, and Constantine, where earthquake risks
are high. The adage "prevention is better than cure’
highlights this need.
= Minor damages were observed in the
structural elements, particularly on the first
soft story. This is attributed to the
discontinuity of the frame's mass, as well as
its strength, stiffness, and ductility.
= Nonlinear analyses revealed a required
lateral load factor (apxDs) of 0.50 for 6-
story buildings, increasing to 0.55 for 10
stories and 0.60 for 14 or more, according to
the Japanese code. For the Eurocode, the
factors are 0.60, 0.65, and 0.70; for the RPA
code, they are 0.65, 0.70, and 0.75,
respectively.
= The nonlinear analysis yields a required
lateral load factor of 0.50 for 6-story
buildings, increasing to 0.55 for 10 stories
and 0.60 for 14 or more. In comparison, the
Eurocode specifies 0.60, 0.65, and 0.70,
while the RPA code specifies 0.65, 0.70, and
0.75.
= Eurocode 8 and the Japanese code permit
larger relative drift displacements than the
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RPA 99 code (2003 version), due to the
higher local ductility levels specified in these
codes.

The RPA code specifies a behavior
coefficient RRR that indicates the capacity
of dissipative structural systems to endure
seismic actions in the inelastic domain (see
Table 4.3, Chapter 1V, p. 39). This
coefficient requires that lateral rigidity does
not exceed 70% of the rigidity of the story
above (Appendix 1, p. 111). However, the
code lacks details on how to obtain this
coefficient or its applicability to existing
buildings versus new designs with a soft first
story.

Calculating earthquake forces for reinforced
concrete (RC) buildings with an open ground
floor often underestimates the design forces
and moments for ground floor columns.
Analyses show that base shear can exceed
twice the amount predicted by the equivalent
force method, whether or not infill is present.
Since the response spectrum method is rarely
used in practice, it is advisable to double the
design shear and moment from the static
method to ensure ground floor column
safety.

Buildings with open ground floors are
particularly vulnerable to seismic actions,
especially in developing countries where this
construction type is common. The results of
this study demonstrate that such buildings
should not be treated as conventional
reinforced concrete (RC) structures. The
sway analysis reveals that columns at the
open ground  floor level require
approximately 75% greater drift capacity
than that estimated by the equivalent static
method. To accommodate these high
ductility demands, special reinforcement
detailing—designed in accordance with
moment-resisting  frame  principles—is
essential.

A deeper understanding of this phenomenon is
crucial, as it should be identified as a localized
issue before it progresses into a broader
structural problem.
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