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Design for earthquake-resistant short RC structural walls
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Abstract. The application of the compressive force path method for the design of earthquake-resistant
reinforced concrete structural walls with a shear span-to-depth ratio larger than 2.5 has been shown by
experiment to lead to a significant reduction of the code specified transverse reinforcement within the critical
lengths without compromising the code requirements for structural performance. The present work
complements these findings with experimental results obtained from tests on structural walls with a shear
span-to-depth ratio smaller than 2.5. The results show that the compressive force path method is capable of
safeguarding the code performance requirements without the need of transverse reinforcement confining
concrete within the critical lengths. Moreover, it is shown that ductility can be considerably increased by
improving the strength of the two bottom edges of the walls through the use of structural steel elements
extending to a small distance of the order of 100 mm from the wall base.

Keywords: earthquake-resistant design; compressive force path method; reinforced concrete; short walls;
seismic performance

1. Introduction

For all types of structural walls, current code provisions for the design of earthquake-resistant
reinforced concrete (RC) structures specify three types of reinforcement: (i) vertical reinforcement
through the use of which it is intended to safeguard flexural capacity corresponding to load-
carrying capacity at least equal to the design load; (ii) horizontal web reinforcement in an amount
sufficient to prevent the occurrence of shear failure before flexural capacity is attained; and, (iii)
stirrup reinforcement confining concrete along the two vertical edges of the wall so as to form
boundary column (BC) elements (boundary elements at the end of the walls) capable of satisfying
the code requirements for ductility. The above reinforcement arrangement, however, has a
significant drawback: the dense spacing of the stirrups often results in reinforcement congestion
within the BC elements and this may cause difficulties in concreting and, possibly, incomplete
compaction of the concrete as stated in Salonikios et al. (1999).

More recently, although the need for these three types of reinforcement has been confirmed for
the case of slender walls (walls with a shear span-to-depth ratio av/d>2.5), it has been shown by
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experiment that the stirrup reinforcement of the BC elements can be considerably reduced (by
specifying a larger stirrup spacing within a significantly smaller critical length) without
compromising the code requirements for structural performance (Kotsovos et al. 2011). This
reduction has been achieved by designing the walls in accordance with the compressive force path
(CFP) method and, hence, the results obtained from the tests can also be viewed as evidence of the
validity of this method when applied for the design of earthquake-resistant slender walls.

The aim of the present work is to show that, by extending the use of the CFP method for
designing earthquake-resistant short walls (walls with a/d<2.5), the provision of stirrup
reinforcement such as that specified by current codes for confining concrete within the BC
elements is not a prerequisite for safeguarding the structural performance code requirements for
the design of earthquake-resistant structures. The work is based on the comparative study of the
results obtained from tests on walls under loading mimicking seismic action, with the specimens
being designed in accordance with either the Eurocode 8 (2004) specifications for medium
ductility (DCM) or the CFP method. All structural walls investigated have an aspect ratio of just
over 1.35 and, unlike the amount and arrangement of the transverse reinforcement, their geometric
characteristics and flexural reinforcement are the same. Although the effect on structural behaviour
of placing confining reinforcement within the BC elements of short walls has formed the subject of
already published experimental work, none of the specimens tested to date has been designed in
accordance with the CFP method (Kuang and Ho 2008, Takahashi et al. 2013). Moreover, in some
cases attention is focussed in a study of shear types of failure of walls in which the rotation of both
ends is prevented (Hidalgo et al. 2002). The presentation and discussion of the results is preceded
by a concise description of the CFP method, as the concepts which underlie it are in sharp contrast
with current code tenets.

2. Cause of brittle failure

The concepts which underlie the CFP theory are fully described by (Kotsovos and Pavlovic
1999), therefore, only concisely discussed in what follows.

The CFP theory provides the basis for the implementation of the limit-state philosophy into the
practical design of RC structures through (a) the identification of the regions that form the path
along which the compressive forces developing within a structural element or structure under load
are transmitted to the supports, and (b) the strengthening of these regions so as to impart to the
element or structure the desired load-carrying capacity with sufficient ductility. The use of the
name compressive force path is intended to highlight these two key features of the theory.

2.1 Simply supported beam

The modelling of a simply-supported beam is seminal for the application of the CFP theory in
design, since it represents the portion of any structure comprising linear elements between points
of zero bending moment (i.e., points of contra-flexure, hinges, or simple supports). Fig. 1 shows
the model considered by this theory as the most suitable for providing a simplified, yet realistic,
description of the physical state of a simply-supported beam-like element at its ultimate limit state
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Fig. 1 Schematic representation of the physical state of a simply supported RC beam at its ultimate
limit state

under the action of a transverse point load. Failure is considered to occur due to the development
of transverse tensile stresses within the region of the path of the compressive force, the location of
which depends on the value of the shear span-to-depth ratio (a,/d), which affects the beam load-
carrying capacity, the latter being expressed in a non-dimensional form as the ratio of the bending
moment at failure, M,, to the flexural capacity, M, in the manner indicated in Fig. 2 (Kotsovos
and Pavlovic 1999). In fact, the trends exhibited by the variation of M,/M; with a,/d correspond to
four distinct types of structural element behaviour. Of these, types Il and Ill are characterized by
brittle, non-flexural modes of failure, whereas for types | and IV the structural element may be
designed to exhibit ductile behaviour without the provision of transverse reinforcement in
excess of a nominal amount (Kotsovos and Pavlovic 1999); hence the latter types of behaviour
need no further discussion herein.

The brittle modes of failure associated with type Il behaviour (encompassing, approximately,
the range of a,/d between 2.5 and 5) is caused by tensile stresses developing either in the region of
change of the CFP direction (location 1 within shear span a,;, in Fig. 1, assuming a,;>2.5d) or in
the region of the cross section at the left-hand side of the point load, where the maximum
bending moment combines with the shear force (location 2 within shear span a,, in Fig. 2).
According to the CFP theory, the transverse stress resultant at location 1 is numerically equal to
the acting shear force, and, by invoking St Venant’s principle, its effect spreads to a distance equal
to the cross-section depth d, on either side of location 1, where the CFP changes direction.
Moreover, it has been proposed8 that, for N=0, the value of the tensile force that can be sustained
at this location can be realistically obtained by

T||'l=0.5‘b'dﬁ (1)

Where b and d are the width and depth of the cross-section and f; the tensile strength of
concrete. On the other hand, transverse tensile stresses within the compressive zone of the cross
section where the maximum bending moment combines with the shear force (location 2 in Fig. 1)
may develop due to the loss of bond between the longitudinal reinforcement and the
surrounding concrete in the manner indicated in Fig. 3. The figure indicates a portion of the
structural element between two cross-sections defined by consecutive cracks, together with the
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Fig. 2 Trends of behaviour exhibited by the relationship between Ioad-carryin'g capacity (M /My) and shy
span-to-depth ratio (a,/d) and corresponding modes of failure

internal forces which develop at these cross-sections before and after the loss of bond
necessary to develop due to the increase in tensile force AFs. Setting the flexural moment M=Fz
and observing that the shear force equals V=dM/dx=(dF;/dx)-z+F,-(dz/dx), it can be seen that the
two products on the right hand side of the equation correspond to beam (bond) and arch (no bond)
action, respectively.

From the figure, it can be seen that the loss of bond may lead to an extension of the right-hand
side crack and, hence, a reduction of the compressive zone depth (x), which is essential for the
rotational equilibrium of this portion as indicated by the relation

Fo-(X)2=V(x,/2) @)

The reduction of the compressive zone depth increases the intensity of the compressive stress field,
as compared to its value at the left-hand side of the portion, thus leading to dilation of the
volume of concrete, which causes the development of transverse tensile stresses (o; in Fig. 3) in
the adjacent regions. By considering these transverse tensile stresses and the ensuing triaxial stress
conditions, it has been possible to express the shear force (V) 2) that can be sustained at locations 2
just before horizontal splitting of the compressive zone as follows (Kotsovos and Kotsovos 2008)



Design for earthquake-resistant short RC structural walls 717

a=x/2 Oal a=x,/2 Og,r

T I N
= b e T

’ v N Y z+Az
z z z

120 , =0

4F5 — F5+AF5’ < F, — 2 g

before loss of bond after loss of bond

Fig. 3 Redistribution of internal actions in the compressive zone due to loss of bond between concrete
and flexural reinforcement

Vi 2=Fc[1-1/(1+5f/f:)] (3)

In contrast with type Il behaviour, the brittle failure characterising type Il behaviour
(encompassing, approximately, the range of a,/d between 1 and 2.5) is a flexural mode of failure
caused by the loss of load-carrying capacity of the compressive zone (the depth of which decreases
considerably due to the deep penetration of the inclined crack that forms within the shear span)
before yielding of the tension reinforcement (see Fig. 2). For this type of behaviour the load-
carrying capacity of an RC beam with a given value of a,/d ranging between 1 and 2.5 (see shear
span a,, in Fig. 1) may be obtained by linear interpolation of the values of M /M; corresponding to
a,/d=1, for which M,=M (see Fig. 2) and a,/d=2.5, for which M=V a,, where V=min(V}; 1,Vii2)
with V,,,=T,1"%(Kotsovos and Kotsovos 2008, Kotsovos 2014). With M, known, the transverse
reinforcement required to increase M, to My is Ay,=2(M; -M,)/(a.f,y) uniformly distributed within a,
(Kotsovos and Kotsovos 2008).

2.2 Structural wall model

The physical model of the simply-supported beam shown in Fig. 1 can also be used to model a
structural wall as illustrated in Figs. 4 and 5. Fig. 4 shows that the left-hand side (characterised by
type 11 behaviour) of the simply-supported beam is equivalent to a slender cantilever subjected to a
transverse point load near its free end, since the boundary conditions at the fixed end of the
cantilever are similar to the conditions at the beam’s cross section through the load point.
Similarly, Fig. 5 shows that the right-hand side (characterised by type 111 behaviour) of the simply-
supported beam is equivalent to a short cantilever. Since a structural concrete wall under
horizontal loading is essentially a cantilever beam, it can also be designed by adopting the CFP
methodology. In fact, the application of this methodology to the design of slender structural
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Fig. 4 Redistribution of internal actions in the Fig. 5 Use of physical model of a simply
compressive zone due to loss of bond between concrete supported beam of type Il behaviour for
and flexural reinforcement modelling a cantilever

concrete walls been found to produce safe and efficient design solutions ((Kotsovos and Kotsovos
2008, Cotsovos and Kotsovos 2007), in spite of the considerably smaller amount of transverse
reinforcement required in comparison with that specified by current codes.

3. Experimental programme
3.1 Design details

The structural walls investigated are designated by using a two part name, with the first part
indicating the method of design (CFP, DCM, CFPU and CFPC) and the second the type of loading
with “1” standing for type 1 and 2’ for type 2 cyclic loading, where types of cyclic loading 1 and 2
are defined later.

The total number of walls tested is six; their design details are shown in Fig. 6 through to 9.
The reinforcement details of specimens CFP-1 and CFP-2 (designed in accordance with the CFP
method) are shown in Fig. 6, whereas those of specimens DCM-1 and DCM-2 (designed in
compliance with EC2/8) are shown in Fig. 7. Specimens CFPU-2 and CFPC-2 were used in order
to investigate the possibility of improving ductility beyond the code value specified. The design
details of the latter specimens are similar to those of specimens CFP-1 and CFP-2 except for the
bottom part of the walls’ vertical edges. In this region, additional reinforcement, with a length
equal to the depth of the compressive zone, is placed in the form of steel elements with a U-shaped
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section (U65), for CFPU-2 (see Fig. 8), and a pipe-like cylindrical section (CHS 49x4), for CFPC-
2, the latter being free to slide within a cylindrical duct (CHS 60x5) encased into concrete, as
indicated in Fig. 9. The figure also shows the sealant used to prevent the mortar from penetrating
into the gap between the tube and the duct. The latter arrangement, known as “gap arrangement”,
enables the free movement of the inner steel element, when the specimen edge is in tension; when
the specimen edge is in compression, both the U and CHS elements were selected so as to be
capable of compensating for the loss of strength of the compressive zone due to bucking of the
longitudinal bars. Both the U and CHS steel elements have a yield stress of 235 MPa (S235).

All walls have length 1=1060 mm, height h=1200 mm and width b=150 mm. With the
exception of specimen DCM-1 which has three additional 10 mm diameter bars within the BC
elements, since these formed part of the reinforcement grid used for confining concrete, the
longitudinal reinforcement of all specimens (designated as A;, in Table 1) comprises eleven pairs
of 12 mm diameter steel bars at a centre-to-centre spacing of 100 mm, with the bars’ centre line
lying at a distance of 15 mm from the closest wall face.

As for the longitudinal reinforcement, the amount of the horizontal web reinforcement
(designated as Ay, in Table 1) is similar for all specimens; it comprises 8 mm diameter stirrups at a
centre-to-centre spacing of 130 mm (5.11 in). However, for the DCM specimens additional
reinforcement (designated as As. in Table 1), in the form of 8 mm diameter stirrups at a 65 mm
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Fig. 6 Reinforcement details of walls CFP-1 and CFP-2
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Table 1 Conventional reinforcement of specimens

Specimen A, pv (%) Asy Asce
CFP-1
2x(11D12 1. 2(D8@1 -

CEP-2 ( ) 55 (D8@130)

DCM-1 2x(11D12)+3D10 within each BC element 1.85

( ) 2(D8@130) DY/65

DCM-2

CFPU-2 2x(11D12) 1.55

2(D8@1
CFPC-2 (b8@130)

centre-to-centre spacing, is placed along the vertical edges of the walls in order to provide
confinement to the BC elements. (It should be noted that the amount of transverse reinforcement
specified by ACI 318-11 deviates only slightly from its counterpart specified by Eurocode
2/Eurocode 8; ACI specifies 8 mm at 100 mm spacing in the web and 5 mm diameter stirrups at 50
mm spacing in the boundary elements). For specimen DCM-1, the confining reinforcement within
each BC element is provided in the form of a cage with three vertical 10 mm diameter bars placed
at the middle of the stirrup legs closest to the wall faces. The presence of these vertical bars is
allowed in the calculation of the wall’s flexural capacity.

The details of the reinforcement used are summarized in Table 1, with the steel properties being
provided in Table 2. The embodied steel sections have a nominal yield strength f,=235 MPa. The
concrete mixes used were commercial standard ready-mixes with a cylinder compressive strength
at the time of testing f.=43 MPa for CFP and DCM specimens and f,=20.4 MPa for CFPU and
CFPC specimens.

All specimens are monolithically connected to two ‘rigid’ prismatic elements at both their
bottom and top faces. The specimens are fixed to the laboratory strong floor through the bottom
prismatic element (1720 mm length x 750 mm height x 700 mm width) so as to simulate fixed-end
conditions, whereas the load is applied through the top prismatic element (with square cross
section of 300 mm side and 1420 mm length). Both prisms are over-sized and over-reinforced so
to essentially behave as rigid bodies. The experimental set up constructed in order to carry out the
tests is schematically depicted in Fig. 10.
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Table 2 Yield and ultimate strength values for reinforcing bars and indicative stress strain diagram

. Diameter f, fu fs - ~
Specimen (mm) (MPa)  (MPa) Al (s &s)
, 8 563 563 ,
a3 10 621 697 ] !
e 12 600 726 : I
! | 1.5% <&, < 3%
» 8 563 563 ! '
2 A ! >
2 e 10 621 697 Fva—— e
& 12 550 650

3.2 Loading regimes

The walls are subjected to two types (1 and 2) of cyclic loading applied in the form of statically
imposed horizontal displacements varying between extreme predefined values as schematically
indicated in Fig. 11. For type 1 loading, the imposed displacements vary between values
corresponding to ductility ratios of around 4 until failure occurs; failure is considered to occur
when the sustained load becomes smaller than 80% the peak load value. For type 2 loading, the
extreme predefined values of displacement are initially set to £10 mm (corresponding to ductility
ratio of around 1) increasing in equal steps thereafter until failure (as defined above) of the
specimens. Three load cycles are carried out for each of the above predefined values with a
displacement rate of 0.25mm/s.

3.3 Design

The walls are designed so that their load-carrying capacity is reached when their base cross-
section attains its flexural capacity, the latter condition being referred to henceforth as plastic-
hinge formation. Using the cross-sectional and material characteristics of the walls and the
rectangular stress block recommended in Kotsovos (2011), the flexural capacity M; of the elements
is calculated from first principles allowing for the contribution of all vertical reinforcement, both
within the BC elements and within the web, and setting all material safety factors equal to 1. Using
M, the wall load-carrying capacity P; (and, hence, the corresponding shear force Vi=Py) is easily
calculated from static equilibrium. The values of M; and V=Ps for each of the specimens tested are
given in Table 3 together with the experimentally-established values of the load-carrying capacity
(Py). The table also includes the values of bending moment M, and load P, which correspond at the
yielding of the flexural reinforcement closest to the tensile face of the walls; the latter values are
used for assessing the ductility ratio of the specimens tested.

For calculating the flexural capacity of specimens CFPU and CFPC, it was considered that the
embodied steel sections contribute only when they are in compression and in that case the steel
sections have common strains with the surrounding concrete.

As discussed earlier, the horizontal reinforcement of the walls is designed either in compliance
with the earthquake-resistant design clauses of Eurocode 2 and Eurocode 8 or in accordance with
the CFP method. From Figs. 6 and 7, it is interesting to note the densely spaced stirrups confining
the BC elements within the “critical regions” (extending throughout the wall height) specified by
the Codes. Such spacing, resulting from expression 5.20 of Eurocode 8 (clause 5.4.3.4.2), is
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considered to safeguard ductile wall behaviour. As discussed in Section 1, in contrast with the
code reasoning behind the calculation of the stirrups within the BC elements, the CFP method does
not specify such reinforcement for structural elements, such as the walls investigated herein,
exhibiting type I11 behaviour (Kotsovos and Pavlovic 1999).

On the other hand, the horizontal web reinforcement designed in compliance with the code
requirements (see clauses 6.2 and 9.6 in EC2) is considered to improve the wall’s shear capacity so
as to prevent shear failure of the walls before their flexural capacity is exhausted. This reasoning is
also in conflict with that underlying the design of the horizontal reinforcement within the wall web
in accordance with the CFP method: in the latter case, horizontal reinforcement is designed to
sustain the horizontal force required to develop in order to produce additional flexural resistance
which, when added to the bending moment corresponding to structural member’s load-carrying
capacity in the absence of horizontal reinforcement, the resulting bending moment becomes equal
to the flexural capacity M of the cross section (Kotsovos et al. 2011).

Since most experiments carried out to date have shown that failure of short walls is associated
with the failure of the compressive zone, it is investigated whether an increase in the strength of
the compressive zone can really lead to higher ductility and improved overall behaviour.

Bearing in mind that the extra steel at the lower edges contributes to load-carrying capacity
only when it is in compression, the strength of the compressive zone is provided jointly by
concrete, conventional longitudinal reinforcement and the embodied steel sections. In view of this,
the corresponding strains are lower than those without the embodied steel elements and depend on
the embodied steel element stiffness. It is expected, therefore, that the destruction of the
compressive zone will be delayed and this will lead to an improvement of overall structural
behaviour.

] 1.5 4
CFP-1
1.0 1 4

-1.5

-5 -4 -3 -2 -1 1 2 3 4 5

6/%y - 5/8y
Fig. 12 Normalised load-top displacement curve Fig. 13 Normalised load-top displacement curve
for CFP-1 under loading type 1 for CFP-2 under loading type 2

L5 - 31
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1.0 A 10 1

E - E E - 0
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Fig. 14 Normalised load-top displacement curve Fig. 15 Normalised Load-top displacement curve
for DCM-1 under loading type 1 for DCM-2 under loading type 2
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4, Results of tests

The main results of the work are given in Figs. 12 to 21 and Tables 3 and 4. Figs. 12 and 13
show the curves describing the relationship between applied load and horizontal displacement of
the load point for the case of the CFP specimens under the two types of statically-applied cyclic
loading, whereas their counterparts for the DCM, CFPU and CFPC specimens are shown in Figs.
14 and 15 and Figs. 16 and 17, respectively. All curves are shown in a normalised form by
dividing the values of load with the calculated value of the load-carrying capacity P; and the values
of displacements with the calculated value of the displacement at nominal yield. Figs. 18 and 19
show the variation of the energy dissipated during each load cycle with increasing values of the
ductility ratio, for the types of cyclic loading adopted for the tests. The dissipated energy during
each cycle is provided in a form normalized with respect to a nominal value of the elastic energy
expressed as E,=P,-d,. The backbone envelopes of the normalized load-displacement curves in
Figs. 13, 15, 16 and 17 are shown in Fig. 20, with the modes of failure of the walls being depicted
in Fig. 21. Finally, the calculated values of bending moment M, and corresponding force P, at
yield, flexural capacity M; and corresponding load-carrying capacity Py, and the experimentally
established values of load-carrying capacity P, are given in Table 3, whereas Table 4 includes
displacements dy, dsust, Jrail COrresponding at nominal yield, sustained load cycle, and load cycle at

Table 3 Calculated values of bending moment M, and corresponding force Py at yield, flexural capacity My
and corresponding load-carrying capacity P; and experimentally-established values of load-carrying capacity
I:’exp

Calculated values Experimental Results
. M P Mf Pf Pmax
Specimen Y Y PP
P (kNm) (kN) (kNm) (kN) (kN) max T
CFP-1 547.84 1.06
4 23. 17.

CFP-2 36 3230 698 5170 536.62 1.04
DCM-1 535 396.3 810 600.0 623.84 1.04
DCM-2 436 323.0 698 517.0 554.66 1.07
CFPU-2 385 285.2 607 449.6 491 1.09

CFPC-2 380 281.5 600 444.4 466 1.05
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Table 4 Displacements dy,, dsst Jrail COrresponding at nominal yield, sustained load cycle, and load cycle at
failure, respectively, together with the values of the ductility ratio at the sustained load cycle (us,s) and the
load cycle at failure (i)

Specimen 5y,n (mm) Osust (MmM) Otail (MM) MHsust Hrail
CFP-1 79 30.1 30.1 - 3.8
CFP-2 30.3 31.2 3.8 4.0
DCM-1 77 35.5 35.5 - 4.6
DCM-2 20.1 28.0 2.6 3.6
CFPU-2 79 50.0 60.0 6.3 7.6
CFPC-2 41.0 41.0 5.2 5.2

failure, respectively, together with the values of the ductility ratio at the sustained load cycle (st
and the load cycle at failure (zai).

5. Discussion of results

From Figs. 1 and 2, it can be clearly seen that the walls designed in compliance with the EC2
and EC8 provisions differ from those designed in accordance with the CFP method in that the
reinforcement of the former walls includes a dense stirrup arrangement within the BC elements
extending throughout the height of the wall. It is reminded that, for all types of structural walls,
current codes specify stirrups within the BC elements in order to provide confinement to concrete,
since such confinement is considered essential for safeguarding adequate ductility for the walls.
On the other hand, the provision of such reinforcement in accordance with the CFP method is
deemed unnecessary for structural elements exhibiting type 111 behaviour (i.e., structural elements
with a shear span-to-depth ratio a,/d<2.5 (Kotsovos and Pavlovic 1999, Kotsovos and Kotsovos
2008). Such structural elements are the structural walls investigated in the present work since
a,/d=1350/636=2.12, where d is the distance of the resultant of the forces developing in the tension
reinforcement on account of bending from the extreme compressive fibre.

On the other hand, both the CFP and code methods specify transverse reinforcement in
amounts sufficient to safeguard a flexural type of failure. However, as discussed in Section 2.3, the
reasoning underlying these methods is different.

5.1 Type 1 cyclic loading

As indicated in Figs. 12 and 14 and Tables 3 and 4, the walls exhibited similar behaviour under
this type of loading, in spite of the differences in the reinforcement arrangement. Wall DCM-1
exhibited a nearly 20% larger stiffness as well as sustained two additional load cycles before loss
of load-carrying capacity, in spite of the larger imposed displacement corresponding to a ductility
ratio of around 4.6. Such behaviour is attributed to the three additional 10 mm bars placed within
each of the BC elements.

On the other hand, all walls exhibited a similar mode of failure in that the loss of load-carrying
capacity is preceded by failure of the compressive zone at the wall base (see Fig. 21). Such
behaviour clearly demonstrates that, under this type of loading, any amount of reinforcement lager
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than that specified by the CFP method is essentially ineffective.

It is interesting to note in Table 3 that the deviation of the calculated values of load-carrying
capacity from their experimentally-established counterparts is of the order of 4-9%. The former
values of load-carrying capacity correspond to values of flexural capacity M; calculated by
assuming that, after yielding, the stress of the steel bars remains constant and equal to the yield
stress f,. The validity of this assumption is easily verified through a comparison of the calculated
values of the steel strains corresponding to M; with the maximum strain value of the yield plateau
of the experimentally-established stress-strain curves of the steel used (see Table 2); such a
comparison clearly demonstrates that the former values are smaller than the latter in all cases
investigated. It appears, therefore, that ignoring the hardening properties of the steel is not, as
usually suggested (Eurocode 8), the main cause of the above deviation and thus further work is
required to clarify this matter.

However, although the calculated values of flexural capacity slightly underestimate their
experimentally-established counterparts, the walls do exhibit a flexural mode of failure, as already
discussed, and this is considered to be indicative of the conservative nature of the methods used to
design the transverse reinforcement.

Figs. 12 and 14 and Table 4, also show the values of displacement at the nominal yield point
used for assessing the specimens’ ductility ratios. The location of the nominal yield point is
determined in the manner described below:

(@) The cross section’s bending moment at first yield, M, (assessed by assuming that yielding
occurs when either the concrete strain at the extreme compressive fibre attains a value of 0.002 or
the tension reinforcement yields), and flexural capacity, M; are first calculated.

(b) By using the values of M, and M derived in (a), the corresponding values of the transverse
load at yield, Py, and at flexural capacity, P, are obtained from the equilibrium equations Py=M,/a,
and P=M; /a,, where a,=1350 mm is the distance of the point of application of the applied load
from the wall base.

(c) In Figs. 12 and 14 (first load cycle to peak load level), a line is drawn through the points of
the load-displacement curves at P=0 and P=P,. This line is extended to the load level P;. The
displacement 3y, corresponding to Ps is used to calculate the ductility ratios uss=dsust/dyn and
Uiail=0ri/ Oy n IN Table 4, where dg,s and Je,) are the values of displacement at the last sustained and
final load cycles, respectively.

It is evident from the above that all specimens subjected to type 1 cyclic loading exhibited
ductile behaviour. In fact, Table 4 indicates that the values of the ductility ratio (usi) at the last
load cycle of the specimens vary between 3.8 and 4.6.

From the energy dissipation plots in Fig. 18, it appears that the energy dissipated during the
load-cycles leading to failure relates with the specimen load-carrying capacity: the higher a wall’s
load-carrying capacity (see Table 3) the larger the amount of the energy dissipated during the first
post-peak load cycle. Such behaviour is considered to indicate that the horizontal reinforcement
arrangement predominantly affects the post-peak structural characteristics. It may also be noted in
the figure that the energy dissipated reduces with each additional load cycle.

5.2 Type 2 cyclic loading
From in Figs. 13 and 15, comparing the load-displacement curves shows that walls CFP-2 and

DCM-2 exhibit similar behaviour, in spite of the presence of a significant amount of additional
stirrup reinforcement within the BC elements of wall DCM-2. On the other hand, Figs. 16 and 17
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Fig. 18 Energy dissipated during the loading cycles leading to failure of the specimens under type 1
cyclic loading

clearly show that the presence of the additional steel element embedded at the bottom part of the
specimens’ vertical edges improves considerably the post peak structural behaviour. The values of
the sustained ductility ratio for specimens CFPU-2 and CFPC-2 are 6.3 and 5.2, respectively, i.e.,
64% and 36% larger than their counterparts for specimen CFP-2, whose conventional
reinforcement is similar to that of specimens CFPU-2 and CFPC-2. Similarly, the values of the
ductility ratio at failure for specimens CFPU-2 and CFPC-2 are 7.6 and 5.2, respectively, i.e.,
92.5% and 62.5% larger than their counterparts for specimen CFP-2. It may also be noted that, in
contrast with specimens CFP-2 and DCM-2, the residual load-carrying capacity of specimens
CPFU-2 and CFPC-2 reduced below the code specified failure value of 80% the peak value in a
controlled manner.

Fig. 19 shows the variation of the energy dissipated with successive load cycles corresponding
to increasing values of the ductility ratio. The figure shows that, as for the case of the load-
displacement curves, walls CFP-2 and DCM-2 exhibit similar trends of behaviour. After an initial
slow rate of increase, the dissipated energy increases at an increasing rate up to the value of the
ductility ratio essentially corresponding to the peak load level; thereafter, the rate of increase
reduces and it appears that loss of load-carrying capacity occurs when the ability of the structural
element to dissipate energy is diminished. In contrast with specimens CFP-2 and DCM-2, energy
dissipation continues up to the last load cycle for specimens CFPU-2 and CFPC-2.

Moreover, as for the case of type 1 cyclic loading, the dissipated energy appears to reduce with
successive load cycles corresponding to a given ductility ratio, for all walls investigated.

From Fig. 20, it appears that the backbone envelopes of the normalized lateral load-
displacement curves of specimens CFP-2 and DCM-2 are identical; and this is considered as an
indication of the insignificant effect of the reinforcement in excess of that specified by the CFP
method on structural behaviour. The backbone curves for specimens CFPU-2 and CFPC-2 are also
identical, but they differ from those of specimens CFP-2 and DCM-2, in that they are characterised
by the formation of a “plateau” in the region of the peak load which extends to larger values of
ductility.

The modes of failure of all specimens tested are depicted in Fig. 21. The figure shows that, in
all cases, failure occurs due to failure of concrete under the compressive force developing on
account of bending in one of the bottom edges of the specimens. Such a mode of failure is similar
to that reported by Greifenhagen and Lstuzzi (2005) for the case of lightly reinforced squat walls
which, however, in addition to the transverse cyclic loading, were also subjected to axial
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Fig. 20 Backbone envelopes of normalized lateral load-displacement curves corresponding to the peak
load values of the first and third cycles to the predefined values of displacement

compression.
Failure of concrete in compression is followed by buckling of the vertical bars closest to the

specimen edge, with the presence of the additional stirrups within the BC elements of walls DCM-
2 reducing the rate of loss of load-carrying capacity. Specimens CFPU-2 and CFPC-2 are also
characterised by failure of concrete in the compressive zone, but, in this case, buckling of steel is

prevented by the stiff embedded steel elements.
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Fig. 21 Failure modes of the walls tested

6. Conclusions

Designing in accordance with the CFP method leads to significant savings in horizontal
reinforcement without compromising the code performance requirements. This is because, in
contrast with code specifications, the CFP method does not specify stirrups for the formation of
BC elements along the edges of a short wall. As regards the web horizontal reinforcement all
methods specified similar amounts for the walls investigated.

The reinforcement confining concrete within the BC elements appears to merely have a small
effect on the post-peak characteristics of structural behaviour, in that they reduce the rate of loss of
load-carrying capacity, well beyond the residual load-carrying capacity of 80% the peak load level
specified by current codes as the limiting value for load-carrying capacity.

Reinforcing the bottom 200 mm long portion of the vertical edges of the walls with additional
structural steel elements leads to a significant increase of the ductility ratio, prevents buckling of
the vertical reinforcement and reduces damage of concrete in compression.
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Notations

BC Boundary column elements, (boundary elements at the end of the walls

b wall width

h wall height

I wall length

f. uniaxial cylinder compressive strength

fy yield stress of steel bar

Mg flexural capacity of wall

M, bending moment of wall corresponding at first yielding (either concrete of reinforcing

Py experimentally-established load-carrying capacity of wall
Ps load-carrying capacity of wall corresponding to Mg

Py load corresponding to M,

Vi shear force corresponding to My

Oy displacement at nominal yield
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