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A B S T R A C T   

Some Latin-American countries, including Colombia, Peru, Panam�a and the Dominican Republic, have adopted 
an industrialized system for the construction of buildings using thin slender reinforced concrete walls. The main 
advantage of this system is that it can increase the construction speed and reduce the use of nonstructural walls, 
as all architectonical spaces are defined by the structural walls. Additionally, designers tend to use thin structural 
walls with low steel reinforcement ratios, which is reflected in a reduction of the construction cost. The typical 
wall section for 6 to 10-story buildings is characterized by a thickness of around 100 mm and a single layer of 
welded wire mesh acting as longitudinal and transverse reinforcement. Additional reinforcing bars may be 
placed at the wall edges to increase moment capacity, but in most cases, there are no confined boundary elements 
along the edges. Despite the system’s popularity, experimental data for these types of walls is still scarse. In 
addition to this, structural walls of low thickness and high aspect ratio with unconfined or poorly confined 
boundary elements have shown structural deficiencies in the 2010 Central Valley Chile earthquake. In this paper, 
existing and new experimental data from representative thin slender walls, used in moderate seismic regions, was 
analyzed to evaluate the structural system under lateral loads. Two unconfined reinforced concrete walls with 
typical section detailing were tested. Additionally, these tests were complemented with an experimental database 
of 28 rectangular wall units of thickness less than 100 mm, as reported in the literature. This data was used to 
analyze the behavior of rectangular thin slender walls in terms of axial load ratio, boundary elements conditions, 
plastic hinge length, and maximum drift capacity. The experimental data shows a significant reduction in drift 
capacity as axial load, clear interstory height to wall thickness ratio, or wall length increases. It is also evident 
that plasticity is concentrated at the base of the walls, mainly due to the low vertical reinforcement ratios. 
Finally, a capacity vs. demand stochastic analysis was carried out to evaluate the performance of buildings up to 
10 stories in a moderate seismic zone. These analyses show that for moderate seismic regions the probability of 
reaching a severe damage limit state is low for buildings configured with rectangular walls having a single layer 
of reinforcement.   

1. Introduction 

Some Latin American countries have adopted a technique for the 
construction of reinforced concrete wall buildings that reduce con
struction time and costs based on the reduction of concrete volume, 
reinforcing steel and non-structural partitions. This technique has 
proven to be efficient from the construction point of view; therefore, the 
total height of buildings constructed using this method has been grad
ually increasing, exceeding more than 20 stories nowadays. The success 
of this construction method is mainly because structural walls are cast- 

in-place conforming the structural system and the architectonical spaces 
simultaneously. 

The structural design of these buildings follows current construction 
codes, which are based on the ACI standards. For instance, for the 
Colombian case, the current code (NSR-10) [1] is based mainly on the 
ACI 318–08 [2] version for reinforced concrete structures. The main 
problem identified with these buildings is that they have several char
acteristics that are significantly different from the traditional reinforced 
concrete walls buildings and there is limited information to define if the 
design procedure and equations defined in the codes may be directly 
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applied to elements and structures with such characteristics. 
The main differences of the buildings constructed with the method 

previously described, compared to the traditional method are: thin walls 
with thickness between 80 mm to 150 mm (resulting in large out-of- 
plane slenderness ratios larger than 20), light steel ratios along the 
web of the wall (close to the minimum of 0.25%), low ductility welded 
wire mesh used as main reinforcement of the wall, large steel ratios at 
wall edges and unconfined wall edges [3,4]. Based on the damage ob
servations from past earthquakes in Chile (2010) and New Zealand 
(2011), some of these characteristics were defined as possible reasons 
for the damage observed [5,6]. For instance, Alarc�on et al. [7] 
mentioned that the brittle damage of walls during the earthquake in 
2010 in Chile was due to poor confinement and lack of reinforcement 
bar restrain, associated to moderate and large axial load ratios. Kam 
et al. [8] also mention that the concrete strain capacity of thin walls 
without confinement could be less than typical values used for design. 
This is consistent with previous studies about the limited displacement 
capacity of wall with poor or absent confinement of the wall boundaries 
[9–11]. 

Based on the fracture of the longitudinal reinforcement of some walls 
on modern buildings during the New Zealand earthquake, Kam et al. [8] 
discuss the necessity of evaluating the current code requirements for the 
minimum vertical steel reinforcement ratio. This is in accordance with 
Dazio et al. [10] who carried out cyclic testing of walls with different 
steel ratios and reported that the length where plastic deformations 
concentrate is reduced as the steel ratio decreases. The effect of using 
light reinforcement ratio along the web had been also previously re
ported by Dai [12] and Lefas and Kotsovos [13], which indicated that 
this practice results in enlarged cracks. Additionally, the problem pre
sented in these references is consistent with the recent recommendations 
made by Lu et al. [14] to increase the minimum vertical steel ratio of 
ductile walls to ensure a proper plasticity distribution along the wall 
height. Regarding the large out-of-plane slenderness, Paulay and 
Priestley [15] discussed the effect of lateral instability in thin walls due 
to reversed loading cycles. These authors indicate that RC walls may 
present an out-of-plane displacement during the closure of the cracks 
formed due to the in-plane cyclic loading. Because the walls used as part 
of the structural system under study may have a thickness as low as 
80 mm, it is likely that out-of-plane instability may occur during seismic 
loading. Rosso et al. [16] also reported that the use of a single layer of 
reinforcing steel might increase the out-of-plane instability problem. 
This behavior was also captured during an experimental program re
ported by Almeida [17] which included a 80 mm thick T-shape wall, 
reinforced with ductile bars, subjected to cyclic loading. The results of 
the experiment showed that the wall could only sustain a drift capacity 
below 0.7% due to a compressive failure of the web, buckling of the 
reinforcement and a significant out-of-plane response during the cycles. 

Regarding the use of welded wire mesh, there are a few references 
that show the limited displacement capacity of walls reinforced with this 
type of steel [18,19], of shear controlled squat walls used for low rise 
constructions. 

The existing studies indicate that as the walls thickness is reduced, 
the ductility capacity decreases [4,20]; however, none of these studies 
provides data about the behavior of flexure-controlled rectangular thin 
walls below 100 mm thickness with a single layer of low ductility wel
ded wire mesh reinforcing steel. This document provides additional 
experimental information about this type of walls, from specimen with 
characteristics defined based on a building database gathered from a set 
of buildings located in a moderate seismic hazard area. These types of 
walls are frequently used for the construction of 6-to 12 story buildings 
in moderate seismic hazard areas. However, strong ground motions have 
not been recorded in these areas and therefore, the seismic behavior of 
these slender and thin walls have not been evaluated directly in the field. 
Additionally, existing experimental information of thin reinforced con
crete walls, reported in other references, were also analyzed to define 
the performance of flexure-controlled rectangular thin walls under 

lateral load. 

2. Characteristics of surveyed thin slender concrete wall 
buildings 

Structural drawings from 14 buildings between 6 and 12 stories 
constructed using the system previously described, located in a moder
ated seismicity region in Colombia, were analyzed to define the main 
characteristics of rectangular walls within these buildings. The buildings 
were built between 2007 and 2014. The gravity-load-resisting systems of 
the buildings correspond to flat plate floor systems, where a slab of 
uniform thickness spans between walls. The wall area in each direction, 
as a percentage of a total floor area, is between 1.3% and 4.6%. From the 
database, it was found that the thickness of the walls ranged between 
80 mm to 150 mm with aspect ratios above 4.0 and in some cases 
exceeding a value of 20.0. The mean axial load ratio was 6.9% and the 
maximum recorded value was close to 18%. Walls with thickness below 
120 mm are reinforced with only one layer of steel consisting on low 
ductility welded wire mesh. The vertical steel ratio along the wall ranges 
between 0.2% and 0.5%. This ratio may be larger at the edges of the wall 
were additional reinforcement bars may be concentrated. Table 1 shows 
the main characteristic of the buildings where Bl and Bt correspond to 
long side and short side, Dl and Dt are the wall area in longitudinal and 
transversal direction as a percentage of the total floor area, Tl and Tt are 
the fundamental period in each direction. 

The most critical sections identified during the survey study are 
shown in Fig. 1. A common detail is to use only cold-drawn welded wire 
mesh as vertical and transverse reinforcement of the wall (Fig. 1a). In 
some cases, the mesh is embedded inside the foundation and into the 
wall; there are cases where instead of placing the mesh inside the 
foundation, which poses a constructive difficulty, conventional starter 
#2 (6 mm) or #3 (9 mm) reinforcement bars are cast inside the foun
dation. Once the foundations are completed, the mesh is spliced with the 
starter bars. It is also common to find additional conventional steel 
reinforcement bars at the wall ends anchored at the foundation, which 
complements the steel mesh placed along the center portion of the wall 
section (Fig. 1b). The additional reinforcement is placed at the end of the 
walls in one or two layer depending on the wall thickness. For walls with 
thickness greater than or equal to 120 mm, two layers of reinforcement 
are commonly used with or without boundary elements (Fig. 1(d), (e) 
and 1(f)). When stirrups or hooks are present, evaluated walls exhibit a 
confined core area for the boundary elements that represents a 
maximum of 30% of the transverse section, and the minimum space 
between layers can be around 10db (Fig. 1(c) and (f)). These details 
indicate that the confinement that can be effectively obtained in the core 

Table 1 
Main characteristics of buildings from the database.  

ID Number of 
Stories 

Height, 
Hw (m) 

Bl 
(m) 

Bt 
(m) 

Wall area (as 
% of floor 
area) 

Period 

Dl 
(%) 

Dt 
(%) 

Tl 
(s) 

Tt 
(s) 

1 12 28.8 23.0 12.4 1.4 2.1 0.68 0.52 
2 11 29.6 21.4 14.8 1.6 1.5 0.74 0.86 
3 5 13.8 23.1 8.1 1.3 2.0 0.25 0.14 
4 9 20.7 21.0 11.5 1.9 3.5 0.49 0.35 
5 7 20.5 18.5 12.4 1.9 3.4 0.37 0.24 
6 8 19.2 49.0 15.7 2.0 2.6 0.43 0.30 
7 12 34.1 28.5 13.4 1.9 4.0 0.70 1.54 
8 12 33.4 31.6 18.3 1.9 4.2 0.63 0.56 
9 6 14.7 20.2 14.9 1.6 3.5 0.33 0.54 
10 12 29.4 21.8 16.2 2.1 4.6 0.82 0.93 
11 9 23.0 44.4 18.5 1.4 3.1 0.65 0.48 
12 6 14.8 20.5 14.9 1.4 3.8 0.36 0.60 
13 6 15.0 17.6 16.2 2.3 4.5 0.27 0.29 
14 8 20.0 52.4 20.9 1.7 3.4 0.38 0.66  
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Fig. 1. Plans for some surveyed sections.  

Table 2 
Summary of database.  

Author Test Lw (mm) Hw (mm) tw (mm) ρ (%) fc (MPa) fya (MPa) ρh (%) ALR M/VLw (m) Hw/ 
tw 

δf (%) s/db 

Oesterle et al. [21] R1 1905 4560 102 0.5 45.3 519 0.31 N.A. 2.4 44.7 2.10 11.3 
R2 1905 4560b 102 1.0 47.1 457 0.31 N.A. 2.4 10.8 2.67 2.8 

Thomsen and Wallace [22] RW1 1220 3810 102 1.0 31.6 434 0.33 0.1 3 37.5 1.90 8 
RW2 1220 3660 102 1.0 43.7 434 0.33 0.1 3 36.0 2.50 5.3 

Su and Wong [23] W1 400 1580 80 1.96 50.2 412 0.54 0.25 3.94 19.7 1.90 3.75–12.5c 

W2 400 1580 80 1.96 41.8 412 0.54 0.5 3.94 19.7 1.20 
W3 400 1580 80 1.96 42.9 412 1.08 0.5 3.94 19.7 1.10 

Alarc�on et al. [24] W1 700 1750 100 1.3 27.4 469.2 0.44 0.15 2.5 9 2.10 9d 

W2 700 1750 100 1.3 27.4 469.2 0.44 0.25 2.5 9 1.80 
W3 700 1750 100 1.3 27.4 469.2 0.44 0.35 2.5 9 1.50 

Hube et al. [20] W4 700 1750 75 1.1 27.4 469.2 0.46 0.15 2.5 8 1.60 8d 

W5 700 1330 100 1.3 27.4 469.2 0.44 0.15 1.9 9 1.80 9d 

W6 700 1750 100 1.4 27.4 469.2 0.44 0.15 2.5 11 2.10 11.25d 

W7 700 1750 100 1.3 27.4 469.2 0.44 0.15 2.5 9 2.40 9d 

W8 700 1750 100 1.3 27.4 469.2 0.64 0.15 2.5 9 2.70 9e 

W9 700 1750 100 1.3 27.4 469.2 0.56 0.15 2.5 9 2.70 9–11.25c 

Pilakoutas and Elnashai [25] SW4 600 1200 60 2.83 36.9 500 0.39 N.A 2.1 20 1.81 – 
SW6 600 1200 60 2.83 38.6 500 0.31 N.A 2.1 20 1.64 – 
SW7 600 1200 60 3.02 32.0 540 0.39 N.A 2.1 20 1.67 – 
SW8 600 1200 60 2.93 45.8 550 0.31 N.A 2.1 20 1.98 – 
SW9 600 1200 60 2.93 38.9 550 0.31 N.A 2.1 20 1.99 – 

Goodsir [26] W1 1500 3175 100 1.7 28.6 450 0.7 0.26 2.12 10 1.95 6 
W2 1500 3175 100 1.7 25.3 450 0.7 0.16 2.12 10 2.36 3.3 

McMenamin [27] 4 1000 2500 50 0.6 60.6 504 0.4 N.A. 2.5 50 1.00 25 
5 1000 2500 50 1.1 37.1 504 0.4 N.A. 2.5 50 2.00 25 

Chiewanichakorn [28] 1 1000 3750 50 1.26 39.3 318 0.15 0.002 3.75 75 0.90 7.5 
2 1000 3750 50 1.26 43.9 318 0.15 0.009 3.75 75 0.93 7.5 
3 1000 3750 50 1.26 23.0 318 0.19 0.004 3.75 75 1.17 6 
4 1000 3750 50 1.26 30.3 318 0.19 0.013 3.75 75 1.43 6 

Almeida et al. [17] TW1f 2700 2000 80 0.67 28.8 565 0.15 0.043 3.7 25 0.70 12.5 
TW4f 2700 2000 80 0.67 31.2 515 0.36 0.033 3.7 25 0.75 12.5  

a Strength for largest diameter reinforcement bar. 
b Height modified to 1.1 m during the test when the wall started to buckle. 
c Edge reinforcement - distributed reinforcement. 
d Edge bars only. 
e Boundary element bars only. 
f Single curtain steel reinforcement. 
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and the bar buckling restriction are limited. 

3. Experimental database 

Data from unidirectional in-plane tests of thin rectangular slender 
walls presenting flexural failure mode were gathered to evaluate the 
drift capacity of these type of walls and to establish the influence of 
different variables. Only specimen with thickness between 50 mm and 
100 mm and overturning moment versus shear force ratios (M/V) larger 
than two were considered. Twenty-eight tests from nine different testing 
campaigns were found in the literature, most of them representing 
reduced scale walls (Table 2). Only eight of them had a single layer of 
reinforcement, and six of those represented precast walls with practi
cally no axial load and had special connection details at the foundation- 
wall interface. Some of the main characteristics associated to the failure 
mode are discussed in Table 3. 

4. Experimental test 

The existing literature does not provide experimental information 
about rectangular thin reinforced concrete walls reinforced with low 
ductility steel mesh reinforcement and complementary reinforcement at 
the edges, which is a typical detail of the walls of interest, as previously 
shown in Figure 1. These type of walls are often used to resist the seismic 
demand in moderate seismic zones for 6 to 12 story buildings despite 
having high aspect ratios and no confined boundary elements. To 
complement the existing information, two full-scale tests 
(1200 mm � 80 mm walls [W1 and W2]) with a 2.4 m story height were 
carried out on specimens defined based on the set of buildings surveyed. 
The specimen was reinforced with a low ductile welded wire mesh with 
a transverse and longitudinal area of 158 mm2/m (5.5 mm bidirectional 
wires each 150 mm) and one additional 16 mm (#5) reinforcement bar 
located 60 mm from the end of the wall, conforming an unconfined edge 
element, as shown in Fig. 2. This reinforcement corresponds to a steel 
ratio of 0.20% in the center of the wall and 3.1% at the edge of the wall, 
considering an edge area of 80 mm, which is the wall thickness, by 
120 mm, which is twice the distance from the edge of the wall to the 
reinforcement bar location. The 16 mm bars extended from the foun
dation to the top of the wall without lap splices while the mesh was 
spliced 600 mm from the wall-foundation interface with four additional 
6 mm dowels anchored to the foundation. This detail is commonly used 
according to the database of construction drawings gathered. A 
400 mm � 400 mm beam was built at the top of the wall and was used to 
apply the axial load with prestressing strands attached to the foundation 
beam at both sides of the wall. The top 1.7 m wall extension had a 
1200 mm � 100 mm rectangular section and additional reinforcement 
to ensure the nonlinear behavior at the bottom wall. An initial axial load 
ratio (ALR) of 5% and 8% were applied to W1 and W2 respectively and 
the M/VLw ratio was 3.75. These values were representative of the 
gathered database. The axial load was defined as the key variable as the 
database indicates that the height of the building inventory has gradu
ally increased in time. 

The walls were instrumented with eight (8) LVDT along both lateral 
edges (P1 to P8) (Fig. 2), one LVDT to capture sliding between the wall 
and the foundation beam and six (6) strain gauges (SG 1 to SG 6) to 
capture the strain of the reinforcing steel at the wall-foundation inter
face. One additional potentiometer (P9) was used to measure the out of 
plane displacement. This potentiometer was attached to an external 
fixed column and slid on the surface of the wall. The force load on the 
prestressing strands was allowed to vary during the tests as these were 
fix anchored at both ends, however, the strand forces were constantly 
measured with load cells (LC 1 and LC2). This load variation was 
allowed in an attempt to capture the effect induced by the coupling of 
the walls with the floor slab, which appears during an earthquake as the 
building deforms [24]. The wall was restrained in the out of plane di
rection by a 150 mm � 150 mm rectangular steel tube that allowed the 

Table 3 
Failure mode description for the wall database.  

Author Failure mode 

Oesterle et al. [21] RW1 presented reinforced bar buckling followed by 
fracture. RW2 presented large out of plane displacements 
followed by fracture of some reinforcement bars and 
extensive concrete crushing. 

Thomsen and Wallace 
[22] 

Yielding of boundary flexural reinforcement occurred at 
approximately 0.75% lateral drift, and vertical splitting 
and minor crushing of concrete at the wall edge were 
observed for 1% lateral drift. Failure was reached due to 
the buckling of the steel reinforcement bar in 
compression and fracture of the steel in tension. 

Su and Wong [23] Limited drift ratios as low as 1.1% were obtained and the 
effect on drift capacity from doubling the transverse 
reinforcement area is negligible for significantly high 
axial load ratios (ALR ¼ 0.50). Failure of the walls 
exhibited out-of-plane behavior with an inclined surface 
after concrete crushing. 

Alarc�on et al. [24] Failure modes were characterized by vertical cracks at 
the wall ends followed by concrete crushing, 
reinforcement bar buckling and out-of-plane 
displacements. As ALR increased (ALR ¼ 0.15 to 0.35), 
failure occurred more rapidly after concrete spalling. 

Hube et al. [20] The results obtained provided evidence of behavior 
improvement (strength, ductility factor and dissipate 
energy capacity) as the transverse steel spacing (s/ 
db ¼ 9.0 in wall 1 to 4.5 in wall 8) is reduced and the 
transverse steel ratio (0.44% in wall 1 to 0.64% in wall 8) 
and number of confinement legs increase. The behavior 
of the tested walls was relatively ductile. There was a 
significant variation on the drift ratio capacity, from 
1.6% to 2.7%, depending on the transverse reinforcement 
detailing. There was a reduction in the drift capacity with 
the reduction of shear span as well as with the reduction 
of the wall thickness. The observed failure mode of the six 
tested walls was the out-of-plane wall buckling after the 
compressive failure of the wall base. 

Pilakoutas and Elnashai 
[25] 

The maximum strength and deformation were not 
significantly affected by the variation in shear 
reinforcement. The plastic deformation took place within 
the lower quarter of the wall. 

Goodsir [26] The most common failure mode was local concrete 
crushing followed by a kinking of the wall due to bar 
buckling which produced a permanent out-of-plane 
displacement. Vertical cracking at the wall edges and 
inclined transverse failure surface were also observed. 

McMenamin [27] Failure was reported as an asymmetric crushing and 
spalling of the cover concrete, local reinforcement 
buckling and inclined transverse plane failure. W4, with a 
lighter steel ratio, presented fracturing of the 
reinforcement bars in tension and negligible out-of-plane 
deformation. Vertical cracks were observed at the wall 
edges, and plastic hinge length concentrated at the wall 
base was a characteristic for both specimens. The author 
also discussed the unlikelihood of obtaining lateral 
buckling failure mode due to the large out-of-plane shear 
stresses that cause an inclined transverse failure surface. 

Chiewanichakorn [28] Out-of-plane deformation and twisting of the wall along 
its longitudinal axis were observed and explained as an 
effect from the buckling of the bars. None of the walls 
presented out-of-plane failure in spite of the large out-of- 
plane deformation in some of the walls, and the failure 
was caused by either concrete crushing or fracture of 
reinforcement. Fracture of the reinforcement bar was 
associated with premature fatigue caused by buckling 
during cyclic loading. 

Almeida et al. [17] These tests were included in the rectangular wall 
database as the steel reinforcement in the flanges is very 
light inducing just a minimum effect on the neutral axis 
depth of the web. TW1 had out of plane displacements 
larger than 50% the wall thickness and a maximum drift 
of 0.7% to failure.  
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in-plane movement of the wall due to sliding pads located between the 
concrete and the steel. 

The wall was cast horizontally and then placed vertically in the re
action frame using a reinforced framework to prevent cracking or 
damage during the installation process. The concrete had an unconfined 
compression strength of 21 MPa. The 16 mm (#5) reinforcing bars had a 
454 MPa yield strength, a 646 MPa ultimate strength and an 11.5% ul
timate strain. The 5.5 mm wires from the electro-welded mesh had a 
675 MPa yield strength and a 750 MPa rupture strength with a rupture 
strain of 2.5%. The steel for the 6 mm (#2) dowels connecting the wall to 
the foundation reached 520 MPa at yield and a rupture strength of 
650 MPa for rupture strain of 4.5%. 

A cyclic lateral force was applied to the walls following a load pro
tocol as shown in Fig. 3, according to recommendations from Mergos 
and Beyer [29], which consider the cumulative damage effect for 
structures built in moderate or low seismic regions. This approach was 
selected because the tested walls represent elements used in moderate 
seismic regions and traditional loading protocols have been developed 
for high seismic regions, which may result in decreased strength and 
displacement capacities. Load protocol for the second test was adjusted 
based on results from the first test (see Fig. 3b). 

5. Test results 

5.1. Behavior and failure mechanism 

A crack at the wall foundation interface with a maximum width of 
0.15 mm appeared during the first load step of the 0.2% drift cycle and 
continued propagating horizontally during the same drift cycles, for 
both walls. In subsequent cycles (drift ratios equal to 0.35% and higher), 
several inclined cracks with low angle were observed at the middle of 
the wall cross section and spread approximately 600 mm in height from 
the foundation. There were some minor horizontal cracks spreading 
along the rest of the wall height which became more evident after cycle 
5, corresponding to a lateral drift of 0.35%. During this cycle, the crack 
at the base of each wall opened up to an approximate size of 0.9 mm. 

For W1 the same crack at the base opened up to 2 mm for the 0.5% 
drift cycle, and existing cracks along the wall had a maximum width of 
0.55 mm. For the 0.75% drift cycle, the same specimen presented a 
slight out-of-plane displacement of 2 mm, and cracks spread along the 
length of the wall. W2 presented the first cracks along the height of the 
wall during the 0.4% drift cycle, and at 1% drift the foundation-wall 
interface crack opened up to 2 mm while the maximum crack width 
along its height was 0.4 mm. The wall-foundation crack width gradually 
increased for both specimens until the concrete spalled in a section that 
reached approximately 400 mm high at the compression edge. The 
cracking pattern at the end of the test shows extended horizontal cracks, 

Fig. 2. Specimen details and instrumentation (units in mm).  

Fig. 3. Loading protocol a) W1 and b) W2.  
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slightly inclined at the bottom of the wall, with a larger concentrated 
crack at the wall-foundation interface (see Fig. 4). This large crack seem 
to be associated with a low reinforcement steel ratio as reported by 
Dazio et al. [10]. 

Both walls had similar failure patterns that consisted of concrete 
spalling at both wall edges and buckling of the reinforcing bar in the out- 
of-plane direction of the wall, at the compressed side during the last load 
step (see Fig. 5a and Fig. 6b). The buckled length was similar for both 
tests and was close to 150 mm, which coincides with the spacing of the 
wires of the electro-welded mesh, which seems to indicate that the mesh 
may have a restraining effect on the lateral displacement of the rein
forcement bar until the concrete spalls. 

The damage at the bottom of the walls also seem to indicate a con
crete splitting contribution to the failure as vertical cracks propagated 
upwards, approximately 350 mm from the foundation, along the 80 mm 
side of the wall. For W1, this vertical crack resulted in the splitting of a 
350 mm height by 100 mm long and 80 mm width concrete section at 
the side under tension during the last loading step, leaving the steel 
reinforcement bar completely exposed (see Fig. 5b). It was also evident 
that this crack resulted in the spalling of the concrete at the compressive 
side during the last load step, allowing the reinforcement to buckle in 
compression. (see Fig. 6b). Both specimens showed a large residual 
horizontal crack at the foundation-wall interface indicating that plastic 
rotation concentrated at this location (see Fig. 6a). 

5.2. Hysteretic behavior 

The hysteretic response of the walls presented relatively narrow and 
stable cycles with a marked post yield slope (Fig. 7). Due to a mal
function of the data acquisition system for the W1 test, the data recorded 
was unreliable for loads larger than 34 kN in the pull direction. How
ever, the data that was captured in this direction for previous cycles was 
similar to the data in the push direction and the hysteretic response in 
the missing portion was inferred, assuming symmetric responses in both 
directions, which was the case for W2. With the lowest axial load ratio, 
specimen W1 reached a maximum lateral load of 59.3 kN for an ALR of 
8% and 1.0% drift, followed by a strength degradation until failure at 
2.3% drift. Failure was defined at 80% of the maximum lateral force. 
Specimen W2, on the other hand, reached a slightly larger load capacity 
of 68.2 kN at 2.1% drift, when the ALR was approximately 15%, rapidly 
followed by failure at a drift of 2.2%. Axial load ratio variation in the 
direction of failure for W1 started from 5% and increased to 9.3% while 
for W2 the ALR started at 8% and doubled to 15.9% before failure 
(Fig. 8). 

A local effect at the wall toe subjected to compression seems to have 
caused a strength drop for W1 at a lower drift than for W2. The vertical 
crack located at the wall toe compression was observed earlier for W1 
than for W2 at a drift that corresponded approximately to the instant 
where strength drop started. There is an evident effect of the axial load 
increase on the lateral strength of the walls, in particular for W2, which 
had the largest ALR increase. 

6. Discussion 

The main concerns about the thin walls under study are the appli
cability of existing design conditions such as effective stiffness, plastic 
hinge length and boundary element requirements to this particular type 
of element and the drift capacity of these thin walls. All of these are 
discussed in the following sections. 

6.1. Stiffness degradation 

The Secant Stiffness Ratio (SSR) was defined as the relation between 
secant stiffness (Ks) for each drift during the first loading cycle, and the 
initial stiffness (Ko), obtained from the maximum displacement and 
force measured during the first cycle. The relation between SSR and drift 
of specimens tested are plotted in Fig. 9. Both specimens exhibit the 
same tendency. The lateral stiffness showed a significant degradation as 
drift increased for both specimens, reaching a loss of stiffness between 
63% and 72% just at 1% lateral drift. The limited cracking in the wall 
and the size of the cracks seem to indicate that the source of the stiffness 
reduction is mainly due to the damage and crack evolution at the wall- 
foundation interface. 

Fig. 4. Cracking pattern before concrete spalling at the wall toe. a) W1. b) W2.  

Fig. 5. W1 failure details (50 mm � 50 mm grid). a) Side under compression 
during last load step. b) Side under tension during the last load step. 

Fig. 6. W2 failure details (50 mm � 50 mm grid). a) Side under compression 
during last load step. b) Side under tension during the last load step. 

C. Bland�on and R. Bonett                                                                                                                                                                                                                     



Journal of Building Engineering 28 (2020) 101035

7

6.2. Plastic hinge length 

The measurements from strain gages and linear potentiometers 
placed on W1 and W2 were used to estimate the curvature distribution 
for different load stages within the limits that the sensors captured 
useable readings. Maximum curvatures for both walls were located 
along the first 250 mm from the wall base, corresponding to 10% of the 
story height, which indicates a concentration of the plastic deformation 
in this region and a reduced plastic hinge length. This was evidenced by 
the crack distribution, where a large crack opened right at the founda
tion beam-wall interface. Fig. 10 shows the curvature distribution with 
respect to the normalized story height (2.4 m). 

Plastic hinge length for walls have been reported to be close to half 
the element length and with a minimum length equal to the strain 
penetration of the steel at both sides from the yield location [15]. This 
minimum length can be estimated as a function of the yield strength (fy) 
and the bar diameter (db) (see Eq. (1)). The plastic hinge length (lp) of the 
tested walls was back calculated according to Eq. (1) and Eq. (2) based 
on the total wall height (Hw), yield lateral displacement (Δy), total lateral 
displacement (Δt), and plastic curvatures (ϕp) measured from the test. 
The data was complemented with the test of specimen TW1, reported by 
Almeida et al. [17], which had close characteristics to W1 and W2. TW1 
was 80 mm thick and had a single reinforcing mesh with an unconfined 
boundary element of 16 mm reinforcement bars and small diameter 

Fig. 7. Hysteretic response of wall - W1 (left) and W2 (right).  

Fig. 8. Axial load variation.  

Fig. 9. Secant stiffness degradation ratio.  

Fig. 10. Curvature distribution – W2 specimen.  
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reinforcement bars distributed along the wall length – 5.5 mm for W1 
and W2 and 6 mm for TW1- with a similar steel ratio along the web as 
W1 and W2. The aspect ratio (M/LwV) for TW1 was 3.7, while for W1 
and W2 it was 3.5. The out-of-plane slenderness ratio was 25 for TW1 
and 30 for W1 and W2. 

Lp¼ 0:022fydb (1)  

Δt ¼Δy þ ϕpLpHw (2) 

The progression of the plastic hinge length that could be captured by 
the sensors, as shown in Fig. 11, indicates that this length is significantly 
shorter than values currently defined by existing equations summarized 
elsewhere [30], which, assuming a nominal yield stress of 450 MPa, 
results in a value of 9.9 db. Back calculated results show a value between 
6 db and 14 db for displacements close to failure, which indicates that the 
hinge is mainly controlled by the steel yield penetration. Rotation is 
concentrated along the wall-foundation interface, and cracking and 
nonlinear behavior of the wall above the interface is limited. Alarc�on 
et al. [24] had already reported a short hinge length between 4 tw to 5 tw 
to match the experimental displacement obtained from their tests. 
However, the results from W1 and W2 from the tested walls resulted in a 
much shorter range between 1.2 tw to 2.7 tw which is closer to the value 
of 2.5 tw proposed by Takahachi et al. [11]. The minimum value rec
ommended by Hoult [31] of 100 mm results in Lp/db of 6.2, considering 
a bar diameter of 16 mm which was used at the edges for W1, W2 and 
TW1. This evidence indicate that for thin lightly reinforced walls, values 
as short as 6.0 db may be plausible for numerical analyses. 

6.3. Boundary elements 

According to the current local regulation in Colombia, based on ACI 
318–08 [2], boundary elements in special reinforced concrete walls 
should be used following Eq. (3a), where c is the neutral axis depth and 
Δu is the top lateral displacement of the wall. The most recent version of 
ACI-318 introduced a stricter condition as shown by Eq. (3b) [32] to 
limit the damage of the element. This equation however has been 
defined using displacement design principles, assuming a plastic hinge 
length equal to half the length of the wall (Lp ¼ Lw/2). This assumption 
however is not accurate according to the data shown in the previous 
section. Considering the limitation from the previous equations, Hoult 
et al. [33] proposed using a plastic hinge length of Lp ¼ 0.2Lw, resulting 
in Eq. (3c). 

c �
Lw

600
�

Δu=Hw

� (3a)  

c �
Lw

600
�

1:5 Δu=Hw

� (3b)  

c �
Lw

1500
�

1:5 Δu=Hw

� (3c) 

The same displacement design principles applied for Eq. (3) were 
used to obtain the maximum roof drift ratio of unconfined walls with 
different lengths and buildings with different number of stories (Fig. 12) 
according to Eq. (4). This equation was obtained considering the elastic 
and plastic displacements, where the former was estimated considering 
a previous work by Massone and Alfaro [34]. The latter was estimated 
considering a plastic hinge length of 3 times the wall thickness (tw), an 
ultimate concrete strain of 0.003 and a neutral axis depth of 0.1 Lw. This 
value is considered approximately accurate for walls with an axial load 
ratio close to 5% [35]. Note that the considerations applied to obtain Eq. 
(4), specifically the short plastic hinge and the limited elastic displace
ment, result in significantly smaller drift ratios values than those ex
pected from commonly used equations where the elastic displacement 
ðΔyÞ can be as large as Δy ¼ 0:67 εy

Lw
H2

w. This expression is three times 
larger than the proposal by Massone and Alfaro. Additionally, the plastic 
hinge length, as previously discussed, is commonly estimated as Lp ¼

Lw/2, which can be also several times larger than the 3 tw presented by 
Takahashi et al. [11]. The equation is hereby presented to analyze the 
effect of the wall length, however, it validity is to be confirmed by more 
detailed analyses of complete building models. 

Δt

Hw
¼ 0:22

εy

Lw
Hwþ

�
εcu

c
� 1:4

εy

Lw

�

*3tw (4) 

As expected by section analysis and displacement design principles, 

Fig. 11. Plastic hinge progression.  

Fig. 12. Roof drift ratio at maximum concrete strain.  

Fig. 13. Distribution of aspect ratio, Ar.  
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longer walls have shorter displacement capacity, and considering that, 
the evaluated building database indicates that the controlling wall 
length may be between 4 m to 6 m, design drifts should be kept relatively 
low. The distribution of the aspect ratios of the building in the database 
(Fig. 13) indicate that approximately 35% of the walls have an aspect 
ratio below 8, and are the ones that will have nonlinear demands on the 
building. 

6.4. Out-of-plane slenderness ratio 

The lateral drift capacity of the tested walls W1 and W2 was com
plemented with results from the twenty-eight specimens from the 
experimental database previously discussed, and the results from the 
tests reported herein are shown in Fig. 14 and classified according to 
ALR, number of reinforcing layers, and confinement or no confinement. 
Drift ratios are plotted against the ratio of story clear height to wall 
thickness (Hw/tw), given that the latter variable has been identified as a 
key design parameter to prevent out-of-plane instability [36]. An Hw/tw 
value of 16 is included in the same figure because it is currently defined 
as the out-of-plane slender ratio limit in the compression zone for special 
structural walls by ACI 318–14 [32]. The ALR was divided into three 
ranges based on the analyses of the building database as follows: most of 
the walls in the buildings evaluated present an ALR below 10%. Few 
walls presented ALRs larger than 0.10 but, under gravity loads, ALRs 
larger than 0.18 were not identified. Coupling of walls due to slab ki
nematic interaction under lateral loads will increase the axial loads in 
the walls; however, this effect was not evaluated for the building 
inventory. 

Tested walls (W1 and W2) reached drift ratios larger than 2% even 
with the out-of-plane slenderness ratio of 30. The drift capacity for these 
specimens is comparable to specimens with a larger thickness and with 
better confinement detailing than those tested by Goodsir [26], which 
had similar out-of-plane slenderness ratios. Similar drift ratios were 
obtained by Thomsen IV and Wallace [22] and Hube et al. [20], for 
specimen with larger out-of-plane slenderness ratios and better 
confinement detailing. It is important to note that there is an significant 
difference among the load protocol applied to these tests. As previously 

mentioned W1 and W2 were subjected to a protocol with a reduced 
number of large cycles, with the intention of limiting the energy intro
duced to the walls and obtaining information that could be related to 
moderate seismic zones. The experimental evidence is still scare, how
ever it is likely that performance was improved simply by limiting the 
number of large cycles so reinforcement bar buckling would occur at 
larger drift values. 

Drift capacities above 1.5%, which could be an expected maximum 
demand drift limit [37], were obtained for all the specimens except for 
two of the walls with a high axial load level, for walls with out-of-plane 
slenderness ratio larger than 50 and for the particular case of TW1, 
which was the longest specimen included in the experimental database. 
These results confirm the expected impact in the reduction of the drift 
capacity with the increase of the axial load, the wall length and the 
out-of-plane slenderness. The reduction pattern of the drift capacity can 
also be observed as a function of the wall length (Lw) to wall thickness 
(tw) normalized ratio (Fig. 15). 

It is important to mention that the experimental data comes from 
specimens with a length less than 1.5 m with the exception of TW1, 
which is 2.7 m long. As previously mentioned, walls between 4 m and 

Fig. 14. ALR effect on maximum drift from experimental database.  

Fig. 15. Wall length effect on maximum drift from experimental database.  
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6 m are common in the buildings evaluated and it would not be accurate 
to extrapolate directly the experimental drift capacity from the tests to 
the most representative walls in the buildings. However, it is clear that 
the trends indicate as the wall length and out-of-plane slenderness in
creases, the drift capacity is reduced. Axial load is also of importance, 
but for the long walls in the buildings from the database, the ALR is very 
low (<5%). Another observation from the experimental database is that 
short walls, with a single reinforcement layer, no confined boundaries 
and low thickness as W1 and W2, may accommodate drifts larger than 
1.5%. These walls could be used if there are other well-detailed walls to 
provide most of the lateral resistance of the structure. 

6.5. Capacity-demand analyses 

The experimental database shows that the drift capacity of rectan
gular walls may be limited, especially when there is no boundary ele
ments, the thickness is reduced or the wall length increases. To evaluate 
this limited drift capacity at global structural level, a total of 35000 
nonlinear analyses of probabilistically defined single degree of freedom 
simplified models, representative of building archetypes of 6, 7, 8, 9 and 
10 stories (see Fig. 16), were carried out. Buildings above 10 stories were 
not included as, based on the gathered database, structural detailing and 
thickness of the walls for taller buildings may have significant 
differences. 

The models were defined based on 14 buildings from the database, 
which were located in a moderate seismic region. Based on the building 
database, probability distribution functions were obtained for some of 
the main variables that control the seismic behavior, such as the aspect 
ratio, wall area, axial load ratio and compression concrete strength. For 
each archetype, one hundred structural models were generated to 
represent different types of structural configurations. Each model was 
defined considering rectangular walls with different aspect ratio: Long 
walls (2 �Ar < 6), intermediate walls (6 �Ar < 10) and short walls 
(Ar � 10). The models were considered to have rectangular walls only 
and a web reinforcement ratio of 0.0025 in the longitudinal and trans
verse direction. The wall thickness was set to 100 mm with a single 
curtain of reinforcement, which usually consists of cold-drawn welded 
wire mesh. This reinforcement is the minimum required according to the 
current local regulation of the buildings in the database. To meet the 
ultimate flexural demand, additional ductile reinforcement bars were 
considered at the edges of the walls. The number of walls for each model 
was defined based on the base shear obtained from empirical funda
mental period of the model and the design spectrum of the Colombian 
code for a C-type soil (shear wave velocity between 760 m/s and 360 m/ 
s), an intermediate seismic hazard zone (PGA ¼ 0.15 g). The shear for 
each wall was distributed proportional to the square of its length. A 
detailed description of the methodology is presented in Bonett et al. 
[38]. 

The structural models were defined as equivalent Single-Degree-Of- 
Freedom (SDOF) oscillators. Each SDOF was defined in terms of effec
tive modal masses, effective stiffness, fundamental period and the modal 

participation factors of the first mode of vibration. For each one of the 
one hundred models, for each archetype, capacity curves were obtained 
from nonlinear incremental static analyses and the maximum roof drift 
ratio capacity (RDR) was calculated. The maximum capacity of the walls 
was defined for a severe damage limit state where the extreme fiber 
compression strain reaches 0.003 or one of the steel dowels connecting 
the wall and the foundation reaches the fracture strain (εsu ¼ 0.045) [4]. 
Welded wire mesh has a more limited fracture strain (εsu ¼ 0.0095) [39], 
however, as the plasticity is concentrated at the wall-foundation inter
face, the ultimate strain for the analyses correspond to the steel with the 
lowest strain capacity placed at this location. The seismic demand at the 
base of the models was represented by 70 ground motion records, which 
were selected from the PEER (Pacific Earthquake Engineering Research) 
database. These records are representative of the tectonic environment 
and seismicity of South America according to the analyses reported by 
Villar-Vega et al. [40]. The selected set consist in the ground motion 
records with values of PGA between 0.25 g and 2.3 g. The records were 
scaled considering a maximum scaling factor of 5. The levels of intensity 
were defined between 0.2 g and 2.0 g. Considering the range of number 
of stories (6 to 10), the records were increasingly scaled to macth a 
predefined spectral intensity between these acceleration limits for a 
structural period of 0.3 s. The maximum roof drift ratio demand for each 
model was calculated by means of nonlinear time history analysis 
(NLTHA) of SDOF systems using the GEM’s Risk Modeller’s Toolkit [41]. 
This module relies on the open-source software for nonlinear structural 
analysis OpenSees [42] to perform the NLTHA on the SDOF systems. The 
hysteresis model of each SDOF was defined using the “Pinching4 Ma
terial” model [43] with structural degradation in both stiffness and 
strength, calibrated from the experimental results. The nonlinear dy
namic analyses were performed with the standard pinching parameters 
from OpenSees. A statistical analysis of the RDR capacity and demand 
based on a box-and-whisker chart was carried out to assess statistically 
data results for each building (Fig. 17). In general terms, it is observed 
that the capacity is always greater than the demand, except for the 
10-story archetype, where in some cases, the roof drift ratio demand 
could exceed the roof drift ratio capacity. Therefore, the evaluated ar
chetypes have a low likelihood of reaching a severe damage limit state. 

7. Conclusions 

This paper analyzes the experimental behavior of thin slender rect
angular concrete reinforced walls with characteristics that are repre
sentative of a typology of buildings used in some Latin American 
countries in moderate seismic zones. Results from an experimental 
program are complemented with existing results, which, although they 
do not exactly adjust to the typology evaluated, present key character
istics that provide insight into the behavior of the thin slender walls 
studied. The experimental database indicate that as the axial load, wall 
length and wall out-of-plane slenderness increases the drift capacity can 
be reduced reaching values as low as 0.7%. The same database and the 
walls tested as part of the study also show that short length walls, 

Fig. 16. Typical floor plans for the archetypes. a) 18 m � 23 m building b) 12 m � 19 m building.  
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exceeding the ACI recommended out-of-plane slenderness limit (Hw/Tw) 
of 16, may reach drift limits in excess of 1.5%; however, these do not 
control the seismic building performance. The results for these short 
walls are relevant however to indicate that, if there are well detailed 
long walls in the structure, short walls with a single steel layer and no 
confined boundaries may be used for these buildings. Additionally, it 
would not be necessary for these short walls to have the same thickness 
of long walls requiring confinement for preventing concrete crushing 
and reinforcement localized buckling. 

The walls tested in this study showed drift capacities above 2% in 
spite of the thickness and reinforcement characteristics. The experi
mental data is still scarse, but this behavior could be attributed to the 
load protocol applied, which was adjusted for walls located in moderate 
seismic regions. Further testing of longer walls with similar load pro
tocols could be useful to verify this hypothesis. 

Tests also revealed that typical plastic hinge length equations are not 
adequate for the wall typology evaluated because the plasticity is 
concentrated at the wall foundation interface and has a limited spread 
along the wall height. Maximum calculated values for plastic hinge 
length result in approximately 15 db or 3.0 tw but these could be as low as 
6.2 db or 1.2 tw. These hinge values also result in that current ACI 
equations, for defining the use of boundary elements, do not manage to 
provide reliable results for the wall typology evaluated. Therefore 
plastic hinge lengths as low as the steel strain penetration should be 
considered to apply formulations based on displacements or to verify 
material strains at the wall base. 

In spite of the limited drift capacity of the walls, typical structural 
configurations of buildings with thin slender walls from six to ten stor
ies, have low displacement demands in moderate seismic regions. The 
wall area ratios seem to result in rigid buildings with an average roof 
drift ratios capacity which is 80% larger than the roof ratio demand for 
the worst case evaluated, corresponding to the ten story height building. 
The probabilistic dispersion of the results show that the severe damage 
probability is low for the same case. It is important to consider however 
that the analyses were carried out idealizing the structure with rectan
gular wall elements only. Non-rectangular walls have a different 
behavior to rectangular walls, which should be further studied. Results 
are also applicable for the expected hazard level and the soil profile 
analyzed. 
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Symbol list 

ϕp: Plastic curvature 
db: Steel reinforcing bar diameter 
f’c: Concrete compression strength 
fy1: Steel yield strength 
Hw: Wall specimen height 
Ks: Wall specimen secant stiffness 
Ko: Wall specimen initial stiffness 
Lb: Boundary element length 
Lp: Plastic hinge length 
Lw: Wall specimen length 
M: Overturning moment 
S: Transverse steel spacing 
tw: Wall thickness 
V: Shear force 
δf: Failure drift (%) 
Δu: Lateral displacement at ultimate limit state 
Δt: Total lateral displacement 
Δy: Lateral yield displacement 
ρ: Total vertical reinforcement ratio 
ρh: Transverse reinforcement ratio 
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