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Abstract

A retaining wall which is the subject of this papeilapsed without any indication on May 25, 20Q6city
center of Kahramanmaras, Turkey. While there werdifeolosses, a building was severely deformed and
damaged. Just after the failure of the retaininy aminvestigation carried out locally providedeneant results
concerning the quality of the materials used indbestruction of the wall. Detailing the reinforoem is crucial

in reinforced concrete structure as it affectsrimlity of the structure. The consequent studiegehghown that
the failure has taken place primarily due to lowterial quality and poor workmanship. There was dissign of
project errors. Furthermore, the design and coastru were not made in accordance with the TS 7984i3h
standard.
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Ozet

Bu calsmanin konusu 25 Mayis 2006'da Turkiye’de, Kahramawmgngehir merkezinde, hicbir belirti
gOstermeksizin yikilan bir istinat duvaridinsan kaybi yganmazken, yakindaki bir bingia bir sekilde hasar
gOrmistir. istinat duvarinin yikilmasinin hemen ardindan yapdagtirmalar duvarin igasindan kullanilan
malzemelerin kalitesini de iceren ilgili sonuclagslamistir. Takip eden ¢agmalar yikilmanin dncelikle diak

malzeme kalitesi ve kotiggilikle ilgili oldugunu gosternstir. Bazi proje hatalari da mevcuttur. Ayrica, yapi
tasarimi TS 7984 e gore uygun bir bicimde yapilngami

Anahtar Kelimeler: istinat Duvari, Hasar Analizi, Kéfigcilik

1. INTRODUCTION

The retaining walls (RW) are constructed for haddlmack soil from a building, structure or area.eTh
main objective of these structures commonly coesdaiusing masonry, stone, brick and concretep is t
prevent down slope movement of soil or to resistlttieral pressure acted by soil [1-2]. However ynan
retaining walls may fail due to the poor-designopmaterials and installation with insufficient nbens

of support to keep the wall from moving. Three meihecking are necessary for the design of the RW
which are overturning, sliding and bearing capal3ly The other important consideration for the RW
the water table which has significant effects amltiteral pressure. The water pressure due to ‘ediker
reduces the effective stresses which are advantagstabilization of RW; it acts as additional gsares

to wall which forces to RW for overturn and slidif#g5].
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The contractor should be questioned why RW wallk ifa spite of conservative design measurers.
However, many RW failures have taken place as tesfilmany factors such as poor construction, poor
engineering, inferior quality materials, unexpectamhditions lack of coordination of responsibilitie
between the owners and the design consultants [6-9]

This paper focuses on a failure of a RW in Kahramenas, Turkey. It appears that the failure occurred
principally due to poor engineering, the use of lquality materials and poor workmanship. The lesson
learned from reviewing of the causes of RW failare reported here.

2. BACKGROUND
2.1 RW Performance

The failure was occurred in May 2006. The primagson for the failure seems height of the wall (8.9
m) and the development of water pressure due teaayhrain behind the wall which has not draining
system. On the other hand the additional surchiaaing is not taken into consideration for theigies
such as weight of the vehicles parking above thik Same heavily damaged patterns of the collapsed
building and the RW can be seen in Figs. 1-3. Hilere occurred in some sections of the wall amd st
the bottom of the foundation and upper section \bf Rere suffered from failure. This failure occurred
during or shortly after significant rainfall indut.ePore water pressure appeared to be the triggenis
failure. Observations after the failure revealethe@vidence of seepage erosion or water movement at
the soil face. The near vertical face appearedatsist of uniformly damp relatively undisturbed
aggregates. A few days after the failure, a heauy caused water flow out of the pavement baseseour
at the collapsed section of the wall.

Fig. 1. Retaining wall failure
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Fig. 2. Collapsed retaining wall

Fig. 3. Severe damage of the building knocked leyrétaining wall
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2.2 Detailsand Design Errors

Analyses for concrete thickness and steel bar of Wwadhé performed according to Turkish standard TS
7994 [18]. The result of the analyses showed thatraber of detailing deficiencies were observethe
damaged buildings. This failure seems to be dueswafficient dimensional stability of the RW frorhe
figure below.
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Fig. 4. Section of damaged RW
2.3 Effectsof Material Properties

In this case study, low material quality is consédeto be one of the causes of the damage. The poor
concrete quality and poor design despite the rements of the code are the real causes of destnucti
Moreover, the concrete segregations were observigd $.) and the aggregates had bad particle size
distribution (Fig. 6.). Particle size distributiah aggregates used is given in Fig 7. The aggredze
been taken from a dry river bed very near to tteand included a high percentage of organic naseri
Compressive strengths of RW concrete and damagktingu(with hammer test and Core tests) are given
in Table 1. Reinforcement detailing is crucial i€ Rtructure as it affects the rigidity of the sture. The
poor concrete quality and poor design despite #wuirements of the code are the real causes of
destruction.
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Fig. 7. Particle size distribution of aggregatsedufor RW along with upper gradation limits.

Table 1. Compressive strengths of RW concrete anthded building

(With Hammer and Carrot tests, averages of thageples)

Concrete Core test Carrot test
(MPa) (MPa)

RW 14.4 13.2

Damaged building 21.3 20.9

2.4 Design Concerns

The project was not designed considering the TS 739] standards and provisions. This standard
included that Eurocode 8- Design of structuresefarthquake resistance-Part 5: Foundations, retpinin
structures and geotechnical aspects. In this stdndaaterials quality and design of RW criteria are
given. According to TS 7994 [10], in the designmigretaining walls, the stability against overtungi
sliding, excessive foundation pressure and watkft npust be explored. The safety factor for the\gty
walls must be at least 2 and minimal wall thicknessst be 50 cm. The lateral pressures acting ofs wal
are calculated according to Coulomb Theory. Theoth suggests that the failure surface is a plawke a
the friction between soil and wall is taken in tmsideration. TS 7994 [10] also requires the tiatdlire
analysis against the possibility of the failuretioé walls together with soil. For that purposepits
analysis is performed using simple slice methodluth detalil is given in TS 7994.
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3. FAILURE INVESTIGATION

3.1 Soil Properties

The physical and mechanical properties of soil wexamined. For this purpose, the undisturbed and
disturbed soil samples were taken by drilling frdept changing from 3 to 10 meters. Samples were
carefully extracted from the boreholes to perfon@ standard geotechnical tests in the laboratarly as

Atterberg limits and unconfining compression td$te Grain size distribution curve of soil is platts
Fig. 8.
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Fig. 8. The typical gradations of the site soitmirdifferent depths

In order to determine the causes that led to tieréaof the RW an investigation was carried outto@
materials on which the foundations were built. Tingerial on which the footing of RW rested is made
up of silt gravel (GM). Accordingly, a series ofagechnical tests were carried out both in situ ianithe
laboratory. These tests included: water contenterBérg Limits, soil classification and standard
penetration tests (SPT). The in-situ tests com@riSET to determine the load bearing capacity of the
ground. The laboratory tests carried out on thefeoused on determining the strength charactessif

the soil present in the area. For this purposeiassef simple compression strength tests wereopaed.

3.2 RW Design

The wall was designed using a vendor developeavaodt program which generally followed the Turkish
National Concrete Design Methodology for internadl @&xternal stability. Geometrical description loé t
wall is given in Fig. 9. The compacting soil paraens used in the design of the RW were provided by
the soil tests and are given in Table 2. The wals wlesigned assuming water or hydrostatic pressure
would be present within the soil. Partitioning dietcross-section of the cantilever wall into simple
geometrical pieces is given in Fig. 10(a) and 10{le estimated permeability of the compacted glaci
till was 10.4-10.5 cm/s. A typical cross-sectiortte# wall consisted of primary reinforcement steekh

with 8mm diameter.

Table 2. The parameters of compacting soil usethdehe RW

Water absorption Consistency limit Plasticity index Soil classification (USCS)

%9 NP NP GM
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Fig. 9. Geometrical description of the wall

Fig. 10 (a). Concrete weights of different sectiohthe RW
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Fig. 10 (b). Soil weights on different sections

A review of the original design was performed usihg Turkish Concrete Masonry Association Design
Guidelines [11]. Internal and external facing digbiand global stability of RW were evaluated. A
retaining wall problem involves many variables, lsias wall dimensions, backfill slope, concrete and
steel strengths, allowable soil bearing capacigkkbll properties and water table level, etc. Thiginal
design was based on the assumption that no hytoogtassure would be acting on the RW. Connection
strength properties between the RW units and faimuavere based on laboratory tests provided by the
manufacturer. The design section presented hdoe the highest section of the wall measuring 8.8hm
height from leveling ground to the top of the wdlhe foundation, connecting beam and RW width are
35, 40 and 27 cm, respectively. Poor bonding betwamncrete and steel hooks of stirrups were not
curled into the concrete core and inadequate cl®agr can cause corrosion of steel [12-13]. In shisly

it is examined that inadequate compressive strengtor particle size distribution, inadequate
reinforcement and poor connection concrete andrsebae determined. Also, core thickness and
transverse reinforcement were not enough.

3.3 Definition of RW

Geometry of the wall is defined in Figs. 10 and The main elements used in the wall design are
geometric, acting forces and material propertiga.dBhese data ara:theight of the wall, g: surcharge,

y ¢ unit weight of the concreteys: unit weight of the solil, k active pressure coefficienty:kpassive
pressure coefficieniy s soil strength and Pwwater pressure.
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Fig. 11. lllustration of the earth pressures othlsides of the wall

3.3.1 Forceson the Design

Before the analyses of RW stability, the total vireigf the wall, soil and the earth pressures aatimghe
wall with the corresponding points of applicatiore aletermined. Then the constraints are established
For this purpose, intermediate or auxiliary vamsbkhat facilitate the work can be used. Since the
formulations allow the use of these auxiliary vk, an explicit expression for the constraintgseimms

of the design variables is not needed (formulasdl2). Fig.12 illustrates the weights;, w1, 2, 3, of the
different pieces of the wall and their positionaniarly, the weights, isi=1, 2, 3, of the different pieces
of the soil are illustrated in the same Figureuditation of the earth pressures on both sideseoivall is
given in Fig. 11. Calculation of the pressuresaetjhts are given in Fig. 12.

The dimensions of the wall are as follows: a=16Q br¥0 cm, c=100 cm, d=27 cm, Zt=30 cm, g=1.7
t/m*® h,=890 cm, b=35 cm, y =24 kN/n? and y <=17.8 kN/nf (see Fig. 7). The internal friction angle for

the soil (GM) behind the RW ig=35".The design dimensions of the wall are determined the

necessary calculations are made (see Fig.11). ditheand passive lateral soil pressures obtaisatyu
equations (1) and (2), via Rankine Method, are myiire Table 3. The pressure forces, weights and
moments calculated are given in Table 4.
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Fig. 12. lllustration of the calculation of the pseires and weights

Table 3. Active and passive lateral pressure values

Active lateral pressure values

Passive lateedsqure values

Pore Total Effective Active Pore Total Effective Kp Passive
water  Vertical Vertical Ka Lateral water Vertical Vertical Lateral
Pressure Stress  Stress Pressure  Depth Pressure Stress  Stress Pressure
W) (©.) (Cy) O, (W) (Oy) ©.) Op

(N/M?) (N/m?) (kNJm?) (KN/m?) M) (KNM)  qenm?)  (kN/m?) (KN/m?)
0 17.0 17 0.271 461 0 0 0 0 3.69 0
93.4 186.9 93,6 0.271 25.3 0.65 6.37 1157 2 5. 3.69 19.2
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Table 4. Pressure forces and their moments

Load Force or weight (kN) Moment arm (mMoment (kNm)
number
1 4.61x9.55 = 44.03 477 210.02 (+)
2 (25.3-4.61)%9.55/2 = 98.8 3.18 314.3 (+)
3 19.2¢0.65/2 = 6.24 0.22 1.4 ()
4 0.27%9.2x24 = 59.62 1.865 111.19 (-)
5 0.13¢9.2x24/2 = 14.35 1.686 24.19 (-)
6 0.35¢3.0x24 = 25.2 15 37.8(-)
7 1.0x9.2x17.8 = 163.76 25 409.4 (-)
8 1.0x17 = 17 2.5 42.5(-)
9 93.4xx9.55/2 =446.9 3.18 1422.6 (+)
10 6.4x0.65/2 =2.1 0.22 0.45 (-)
Pa= (0v-U)Ka Ka=tgf(45- 35/2) = 0271g, = g +yz (1)
Po = (0v-U)Kp, Kp = tgf(45 + 35/2) = 3.690, = q +Yz 2

(oy-u)= Effective presure, ¥ Coefficient of active earth pressure,=KCoefficient of passive earth
pressure y= unit weight of soil

In case ground water exists in the soil, the eiffecstresses in soil decrease due to the watesymes
This leads a decrease in active and passive peeasting on RW. The other effect of ground water is
that the hydrostatic pressure developes behin®WeThe hydrostatic pressures must be added talate
earth pressures.

For the RW investigated herein, horizontal andigaktforces and moments are computed. While the
overturning moment is calculated as 1946.9 kNm résesting moment is founded as 629.9 kNm. These
calculation shows that the overturning safety faethich is the ratio of the resisting moment to the
overturning moment for the RW is 0.32. Whereassidfety factor should be at least 2 according to CE-
TS EN 1SO 9001:2000.

On the other hand, the sliding check is perforniexat.that purpose total lateral force is calculatedb81
KN/m. considering total vertical force which comgaitas 280 kN/m, the friction force between the
foundation of RW and soil is calculated as 118.8nkNn this circumstance the safety factor forislid

is found as 0.2. This low value indicates thatRW is unsafe against the sliding. It should besast 1.5
according to CE-TS EN ISO 9001:2000.
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3.5Material Properties

Poor material quality may have been one of the rfetors that caused the collapse of many strusture
Damage due to poor quality of material was repont@ay of researchers [14—17]. Ready mix concrete is
relatively new for Turkey and it has become popufafurkey. Generally, hand made concrete is used.
Turkish labor bewares of the principles of quatifyconcrete. Lack of proper concrete mix desigok laf
sieve analysis, lack of vibration during the coterplacement, insufficient curing of concrete after
placement, without attention to weather conditiansl high water and cement/ratio for workability are
general mistakes. In this case study, similer rkesavere observed.

The compressive strength of concrete cores exttaftem damaged and collapsed RW indicate
significantly low strength (As seen Table 1). Thealify of concrete in typical buildings is one diet
major factors in the poor performance to resistrggrmotions.

3.6 Theresons behind thefailure

At the connections of beams and RW, reinforcemetdils are of almost relevance and some of them are
listed:

- The RW is designed by ignoring the hydrostatesgure.

-The heavy rainfall causes the water level to bisleind the RW because of insufficient drainageesyst

- Construction mistakes, not obeying project of W

- Poor quality of concrete may have been one ofrtain factors that caused the collapse of RW.

- Although there are control procedures in Turkey dmmetimes it is ignored. For instance dimensions
of bound beam and RC bar were inadequate accotditbe TS EN 1998-5 and lack of transverse
reinforcement at member connection was observed.

4. NUMERICAL RESULTSAND DISCUSSION

Considering the geometric properties of the retginivall and the effect of the soil behind it, the
overturning safety factor is 0.32 and the slidiadety factor is 0.2. However, for a safe desigrs¢he
values should be at least 2 and 1.5, respectiVdlg. analysis shows that the RW investigated hesein
unsafe both against shear force and overturningentsnThe RW is probably designed by ignoring the
hydrostatic pressure. The heavy rainfall causeswheer level to rise behind the RW because of
insufficient drainage system. The rising of the eavdével leads the hydrostatic pressure whichdsice
the effective stresses in soil. Therefore the hgtdtic pressure must be added to lateral pressotiew)

on RW. A decrease in effective stresses may sedia foofitable, since the lateral stresses actmg\e/
reduce. However the hydrostatic pressure leademgpaéssure than decrease in effective stresses, Th
the main cause of failure of RW appears to be Istdtc pressure as a result of heavy rainfall.

The main purpose for the construction of the retaiall was to protect the building, however itduee
caused a great risk for the lives of people liimghe building as the collapse of the retainindl waused
serious damage to the building (see Fig.3). A tat@lapse of the retaining wall would result in
considerably greater damage to the building.

5. CONCLUSIONS
The observations and findings of the current studybriefly summarized in the following.
1- The main reason of failure was that the hydrostatessure was not taken into consideration in the

calculation of lateral pressure. The effective sdtrelecreased as result of an increase in hydmstati
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pressure developed due to the heavy rainfall aedifing water level led the additional force agton
RW.

2- The aggregate used was not clean and the curegwat concrete was not adequate and aggregate
used was pit-run gravel type. Concrete used incthiapsed RW did not contain a proper crushed
aggregate and it had poor adherence characteristics

3- The quality of the concrete used in the constomctf the RW was low. The compressive strength of
the concrete exhibited a wide range of values (AMPa). It seems that the one of reasons for tlde wi
range of compressive strength observed was dugettidnd mixing of the concrete. It is clearly slate
that the concrete used in the first and secondh@aake zones should be C20 or higher quality [f].
the new earthquake code, the concrete used iRWisvas found to be under C20 quality.

4- The control procedures are ignored.

5- Some important lessons for design and construgtiantice can be learned from damage of RW. The
inadequate structural systems and members, lovitgjuzterials and inappropriate construction arenma
reasons of the damage. Construction of buildingsitbstand similar effect can be possible if theab
mistakes are stopped to be repeated. This can lhevad if engineers, architects and contractors
understand of RW design and construction principhes efficient control mechanism at any phase of
concrete production and control procedures of type of structure should be established. In thig,wa
improved structural response of RW during futureerds will be achieved. An effective control
mechanism is needed to prevent similar catastrophie future.
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