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A B S T R A C T

During the last two decades, thin concrete walls have been frequently used to brace mid- to high-rise buildings in
some Latin American countries. This structural system differs significantly in terms of wall geometry and re-
inforcement layout from traditional cast-in-place reinforced concrete wall buildings. Limited experimental data
on this wall system and the absence of post-earthquake field observations make it difficult to assess whether such
walls behave similarly to the walls designed according to the current local design code. The paper presents and
discusses the results of an experimental program comprising quasi-static cyclic tests of four slender, thin and
lightly-reinforced concrete walls with different geometrical configurations, steel properties and reinforcement
layouts, which correspond to a common construction practice in Colombia. The seismic response of the speci-
mens was assessed in terms of crack propagation and failure modes, hysteretic and backbone curves, con-
tribution of rocking, flexural, shear and sliding components to lateral drift, stiffness degradation, and energy
dissipation capacity. The results suggest that the response of these reinforced concrete walls does not meet the
performance specified in the Colombian regulation if they are designed to reach the maximum lateral drift
allowed by the code.

1. Introduction

One alternative for industrialized and low-cost housing in Latin
America includes concrete wall buildings using slender and thin lightly-
reinforced walls which are cast conforming the architectural layout of
the residential units. This construction method uses steel or aluminum
modular formwork that can be assembled in different configurations.
The main advantage of this method is the significant reduction of the
construction time as nonstructural divisions or facades are considerably
reduced or are not required. This type of buildings has been constructed
in low, moderate and high seismicity regions following specifications
for reinforced concrete walls defined by the Colombian Code (NSR-10)
for Earthquake-Resistant Construction [1]. Provisions for concrete
structures in all versions of NSR have been based on a previous version
of ACI 318. The current version of the provisions for concrete struc-
tures, which updated a previous version issued in 1998, are based on
the 2008 version of ACI 318 [2]. Reinforced concrete buildings de-
signed according to the NSR-10 regulation are supposed to have the
capability of reaching a maximum lateral drift of 1.43% for the design

earthquake with a return period of 475 years, without collapsing and
limiting the structural damage.

The walls in the structural system under discussion have several
characteristics that introduce significant differences in terms of geo-
metry and reinforcement distribution when compared to the traditional
cast-in-place reinforced concrete (RC) wall buildings considered by the
ACI 318 provisions. One of the main differences is the use of walls with
significantly reduced thickness (tw) that can be as low as 70mm with a
typical range between 100 and 150mm [3]. Such reduced thickness can
be specified by designers, as the code does not have an explicit
minimum value for this parameter for reinforced concrete walls.

Typically, these walls only have a single curtain of web reinforce-
ment which is spliced to started bars of 6.3mm (#2) or 9.5 mm (#3)
diameter which extend from the foundation up to the second third of
the first floor height, ensuring the required lap splice length according
to the code. This single curtain of reinforcement usually consists of
meshes made of cold-drawn electro welded wires, which provide the
minimum steel ratio required by the local regulations. To meet the
ultimate flexural demand, additional reinforcement made of deformed
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Abstract 12 

During the last two decades, thin concrete walls have been frequently used to brace mid- to high-13 

rise buildings in some Latin American countries. This structural system differs significantly in 14 

terms of wall geometry and reinforcement layout from traditional cast-in-place reinforced concrete 15 

wall buildings. Limited experimental data on this wall system and the absence of post-earthquake 16 

field observations make it difficult to assess whether such walls behave similarly to the walls 17 

designed according to the current local design code. The paper presents and discusses the results 18 

of an experimental program comprising quasi-static cyclic tests of four slender, thin and lightly-19 

reinforced concrete walls with different geometrical configurations, steel properties and 20 

reinforcement layouts, which correspond to a common construction practice in Colombia. The 21 

seismic response of the specimens was assessed in terms of crack propagation and failure modes, 22 

hysteretic and backbone curves, contribution of rocking, flexural, shear and sliding components to 23 

lateral drift, stiffness degradation, and energy dissipation capacity. The results suggest that the 24 

response of these reinforced concrete walls does not meet the performance specified in the 25 

Colombian regulation if they are designed to reach the maximum lateral drift allowed by the code. 26 

Keywords: thin wall, reinforced concrete, cold-drawn reinforcement, welded-wire mesh, lightly-27 

reinforced slender walls. 28 
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1. Introduction 30 

One alternative for industrialized and low-cost housing in Latin America includes concrete wall 31 

buildings using slender and thin lightly-reinforced walls which are cast conforming the 32 

architectural layout of the residential units. This construction method uses steel or aluminum 33 

modular formwork that can be assembled in different configurations. The main advantage of this 34 

method is the significant reduction of the construction time as nonstructural divisions or facades 35 

are considerably reduced or are not required. This type of buildings has been constructed in low, 36 

moderate and high seismicity regions following specifications for reinforced concrete walls 37 

defined by the Colombian Code (NSR-10) for Earthquake-Resistant Construction [1]. Provisions 38 

for concrete structures in all versions of NSR have been based on a previous version of ACI 318. 39 

The current version of the provisions for concrete structures, which updated a previous version 40 

issued in 1998, are based on the 2008 version of ACI 318 [2]. Reinforced concrete buildings 41 

designed according to the NSR-10 regulation are supposed to have the capability of reaching a 42 

maximum lateral drift of 1.43% for the design earthquake with a return period of 475 years, without 43 

collapsing and limiting the structural damage. 44 

The walls in the structural system under discussion have several characteristics that 45 

introduce significant differences in terms of geometry and reinforcement distribution when 46 

compared to the traditional cast-in-place reinforced concrete (RC) wall buildings considered by 47 

the ACI 318 provisions. One of the main differences is the use of walls with significantly reduced 48 

thickness (tw) that can be as low as 70 mm with a typical range between 100 and 150 mm [3]. Such 49 

reduced thickness can be specified by designers, as the code does not have an explicit minimum 50 

value for this parameter for reinforced concrete walls. 51 
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 Typically, these walls only have a single curtain of web reinforcement which is spliced to 52 

started bars of 6.3 mm (#2) or 9.5 mm (#3) diameter which extend from the foundation up to the 53 

second third of the first floor height, ensuring the required lap splice length according to the code. 54 

This single curtain of reinforcement usually consists of meshes made of cold-drawn electro welded 55 

wires, which provide the minimum steel ratio required by the local regulations. To meet the 56 

ultimate flexural demand, additional reinforcement made of deformed bars are sometimes placed 57 

at the wall edges or at connections between walls. Walls with confined boundary elements are 58 

scarce or when present, the effectively confined core area is limited or non-effective because of 59 

the small available thickness [4]. Due to the architectonic and structural dual purpose of the walls, 60 

another key characteristic of this particular system is that walls are usually connected at one or 61 

both edges forming I-, T-, C-, L-shaped or any other irregular shaped cross-sections. The wall 62 

characteristics and irregularity of wall cross-sections is also typical for other countries in South 63 

America like Chile [5] and Peru [6].  64 

Evaluation of buildings from earthquakes in Chile (2011) and New Zealand (2011) 65 

indicated that structural damage of concrete walls was associated to high axial loads, low wall area 66 

per floor, irregular element configuration and distribution and high slenderness of the walls [7, 8, 67 

9, 10].  Even if the buildings affected during these earthquakes have different configurations with 68 

respect to the Colombian case, the observed damage indicates that the transverse slenderness of 69 

the walls at the critical section, existing in the Colombian buildings, could facilitate out-of-plane 70 

instability when subjected to seismic load reversals. Additionally, other aspects of their response 71 

associated to specific features of the local design and construction methodology are worth 72 

investigating. According to complementary studies carried out by Arteta et al. [3] and Arteta [11], 73 

the Colombian thin-wall archetype has low gravity axial loading (axial load ratio below 10%), 74 
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non-ductile welded-wire meshes (WWM) as longitudinal and transverse reinforcement, and 75 

predominantly low longitudinal reinforcement ratio. Additional ductile bars at the edges can be 76 

observed in the reinforcement layout of some buildings but boundary elements are absent for most 77 

cases.  78 

The laboratory experimental data and post-earthquake field observations of walls with the 79 

above characteristics is limited, especially for thin walls with a single curtain of reinforcement and 80 

M/VLw ratios larger than two. A previous test program carried out at EPFL [12, 13] addressed the 81 

seismic response of one typical wall configuration of Colombian buildings through unidirectional 82 

and bidirectional tests on two walls of 80 mm and 120 mm thick. These tests showed that the walls 83 

could be prone to out-of-plane buckling and limited displacement capacity, below 0.7% drift ratio. 84 

However, during this latter program, only one wall configuration was considered and the 85 

longitudinal steel was significantly more ductile than typically used in Colombian construction 86 

practice.  A more recent program [14, 15] focused on uniaxial tension-compression tests on a series 87 

of 12 isolated boundary elements with different thicknesses, steel reinforcement ratios, and rebar 88 

eccentricities. These tests reported the behavior of specimens representing the boundary elements, 89 

but they evidently miss the effect of the entire wall; in particular, as discussed by Rosso et al. [15], 90 

the influence of the vertical displacement profiles imposed on wall boundary elements is 91 

significantly distinct from the imposed displacement on uniaxial tests. McMenamin [16] carried 92 

out tests on several slender precast cantilever walls; however, only two of them had an M/VLw 93 

ratio of 2.5. The height to thickness ratio was 50 and the vertical steel ratios were 1.1% and 0.6%. 94 

The former specimen presented reinforcement buckling and concrete spalling failure for a drift 95 

below 2% while the latter specimen presented reinforcement fracture failure for a drift below 1%.  96 

Both tests did not show a significant out-of-plane response. Carrillo and Alcocer [17] reported on 97 
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results of quasi-static and dynamic tests of walls with H/Lw ratios varying between 0.5 and 2 and 98 

with web shear reinforcement made of a single curtain of welded-wire meshes; however, walls 99 

were tested under low axial loads that are characteristic of low-rise housing. Tomazevic et al., [18] 100 

evaluated the seismic behavior of ten (10) rectangular reinforced concrete shear-walls with H/Lw 101 

ratio of 1.4 and double curtain of wire mesh. They analyzed the influence of different parameters 102 

such as the amount and distribution of the steel and the axial load ratio on the seismic response. 103 

The amount of horizontal and vertical reinforcement varied from 0.26% and 0.38% and two axial 104 

load ratio were considered (0.07 and 0.14 fc´Ag). Six unconfined specimens were tested. The 105 

specimens with unconfined boundary elements and low axial load ratio reached a maximum lateral 106 

drift of 1.0% and presented a rupture of extreme tensioned vertical reinforcement, which generated 107 

a severe strength degradation. 108 

Although these references provide information about performance and failure modes of the 109 

tested walls, the main characteristics of these specimens have significant differences to the walls 110 

of interest in this study including axial load ratios, reinforcing steel ratios, steel mechanical 111 

properties, transverse section geometry and steel distribution among others. The lack of 112 

experimental and numerical information for the specific type of walls of interest, hinders the 113 

possibility of verifying if the available design guidelines are directly applicable to system 114 

described above, as these guidelines have been defined based on information from walls with 115 

significantly different geometrical characteristics and reinforcement arrangements [19, 20, 21, 7].  116 

This paper shows and discusses the results of an experimental program comprising quasi-117 

static cyclic tests of four slender and lightly-reinforced concrete thin walls with different 118 

geometrical configurations, reinforcement mechanical properties and distribution, which are 119 

representative of the type of buildings described above. The seismic response of the specimens 120 
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was assessed in terms of crack propagation and failure modes, hysteretic curves, contribution of 121 

rocking, flexural, shear and sliding components to lateral drift, stiffness degradation, and energy 122 

dissipation capacity.  123 

2. Experimental program 124 

The experimental program comprised the tests of four reinforced concrete (RC) walls with 125 

characteristics similar to the construction practice of buildings with thin and slender RC walls with 126 

single curtain of web reinforcement. The specimens were tested under pseudo-static reversed-127 

cyclic loading in the Structural Mechanics Lab at the EIA University in Colombia. The test setup 128 

includes a combination of axial load, shear force and flexural moment gradient that can be 129 

considered as representative of the seismic force distribution in walls within a real building 130 

designed according to the current practice in seismic regions in Colombia. 131 

2.1 Variables of interest and specimen definition 132 

The main characteristics of the wall specimens were defined based on the statistical analysis of a 133 

database that comprised 28 RC thin-walled buildings constructed in Colombia [3]. The buildings 134 

analyzed vary between 5 and 18 stories, with wall area densities in the longitudinal (Dl) and 135 

transverse (Ds) directions between 1.5 and 6%, with an average of 3.6% and a coefficient of 136 

variation of 0.27. The length of flanged walls carrying most of the base shear is in the range 2 ≤ 137 

Lw ≤ 8 m, with a typical length of 4.5 m. The clear height of each story is 2.4 meters, with almost 138 

no variation from one structure to another. The expected gravity axial load on the walls vary 139 

between 2 and 11% of Ag f´c., where Ag is the gross area of the cross-section, and f´c is the nominal 140 

concrete strength at ground floor. All walls have distributed steel in the web and the flange. 141 

Excluding the wall edges, longitudinal steel ratio of distributed steel in the web (ρw) varies 142 

between 0.2% ≤ ρw ≤ 0.7%, with a typical value of 0.25% (minimum code requirement).  The 143 
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analysis of the database also included representative values of the thickness of flanged walls, shear 144 

span ratio, steel reinforcement ratio, number of reinforcement curtains, as well as estimations of 145 

neutral axis depth from basic section analysis. Such analysis resulted in the definition of the 146 

specimen with the characteristics shown in Table 1. 147 

Table 1.  Characteristics of test specimens. 148 

Wall Web reinforcement 
Longitudinal 

reinforcement at 
wall edge  

Type of web 
reinforcement 

Additional 
wall edge 

reinforcement 

Axial load 
(kN) 

ρs (%) db (mm) ρb (%) db (mm)  
W4 0.27 6.4 - - Distributed bars None 470 

W5 0.26 7.0 - - Electro-welded 
cold-drawn mesh None 470 

W6 0.27 6.4 2.53# 12.6 Distributed bars 2#12.6mm  470 
W7 0.27 6.4 1.27* 12.6 Distributed bars 2#12.6mm  490 

# Concrete area estimated as wall thickness (100 mm) by edge length defined as 2 times the concrete cover plus the 149 
distance between 13 mm (#4) reinforcement bars which gives a total of 100 mm. 150 
* Concrete area equal to the short flange total area (200 mm x 100 mm). 151 
 152 

Geometry, steel layout and type of steel reinforcement were defined as the key variables to 153 

evaluate in the experimental program. Regarding the geometry, specimens W4, W5 and W6 were 154 

conceived to characterize full scale T-shaped walls with a thickness of 100 mm, length of 2.5m 155 

and clear inter-story height (Hw) of 2.4m (see Figure 1). These three walls were named sequentially 156 

following a previous experimental program [22]. The T-shaped geometry characterizes connected 157 

walls in the perpendicular direction at one wall edge, which is a predominant geometrical 158 

configurations of the construction system. The flange of the T shape walls was included to evaluate 159 

the stabilizing effect of a connecting perpendicular wall on one side and to evaluate the effect of 160 

the vertical reinforcement placed along the connecting wall in the perpendicular direction. 161 

However, the flange length and the steel included in such flanges was mainly defined considering 162 

construction limitations and the set up capacity of the laboratory and do not necessarily represent 163 

a wall of any particular length. Selected web thickness fulfills two requirements: (i) to be 164 
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representative of construction in high seismicity areas in Colombia, while (ii) still being a 165 

potentially critical case for lateral (out-of-plane) instability under cyclic loading. Such instability 166 

may arise from the large unsupported length of the web and the large slenderness ratio (Hw/tw) [12, 167 

23, 24, 25]. 168 

 169 
Figure 1. Geometry and reinforcement layout of the specimens. 170 

 171 

The web of all specimens were reinforced with uniformly distributed vertical and 172 

horizontal steel. The flange was reinforced with three 12.6 mm (#4) longitudinal bars. This 173 

arrangement was of interest for this study as the additional flange reinforcement and the cross 174 

section geometry may facilitate triggering flexural-compression failures on the web edge.  In 175 

addition to the distributed reinforcement described above, specimen W6 had two 12.6 mm (#4) 176 

reinforcing bars at the web edge to represent another typical construction practice for walls with 177 

larger moment demands than those represented by W4 and W5.  In such case, the steel 178 

reinforcement ratio at the web is close to the minimum (0.25%) specified by ACI 318 Code [2] 179 
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(e.g. ρt,W4 = ρl,W4 = 0.27% and ρt,W5 = ρl,W5 = 0.26%) and the additional reinforcement at the edges 180 

is placed to provide the wall with additional strength. This additional reinforcement was also added 181 

to evaluate the potential of out-of-plane instability as this behavior is more likely to occur as the 182 

steel ratio increases.  The additional steel at the edge of the web however, was defined based on 183 

the maximum test set up capacity.  According to the same construction practice, the uniformly 184 

distributed reinforcement along the web is connected to the foundation using 350 mm lap splices 185 

at the wall base with 6.3 mm (#2) deformed reinforcing bars placed inside the foundation beam. 186 

The 12.6 mm (#4) bars are also lap spliced at the base using dowel bars of the same diameter and 187 

extended 700 mm inside the wall. Dowel bars are the starter reinforcement that extends from the 188 

foundation into the wall. The use of low longitudinal steel ratio along the web has been previously 189 

identified as a critical condition as it could increase the crack width and lead to prompt fracture of 190 

reinforcement in the wall section [26].  191 

Specimen W7 had a slight geometrical variation when compared to the other specimens. It 192 

consisted in an additional short flange conforming a pseudo I-shaped section representing the case 193 

where orthogonal walls are connected at both sides of the web, which is also a common feature for 194 

this construction system. This additional flange had two 12.6 mm (#4) reinforcing bars, similar to 195 

specimen W6. The additional flange was included to evaluate a possible stabilization effect on the 196 

web edge. 197 

Specimens W4, W6 and W7 had 6.3 mm (#2) reinforcing bars distributed along the flange 198 

and the web. The web vertical and horizontal reinforcement of specimen W5 comprised a cold-199 

drawn welded-wire mesh (WWM). Such steel mesh is widely used as it helps reducing the 200 

construction costs and installation time [27, 28]. In fact, it is the most common reinforcement used 201 
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in RC thin walls, although its non-ductile behavior is well known. Horizontal and transverse steel 202 

reinforcement ratios were kept constant for all specimens.  203 

2.2 Tests setup and loading protocol 204 

The test setup comprised a steel reaction frame that was braced in two orthogonal directions 205 

(Figure 2a). Loads were applied with two vertical actuators of +700 kN (-520 kN) and one 206 

horizontal actuator of +500 kN (-410 kN) of ±250 mm maximum stroke. The vertical actuators 207 

were connected to a HEA 450 steel beam, placed on a 550 mm x 350 mm reinforced concrete 208 

beam on top of the wall.  The actuators were separated 2.2 m and applied the total the gravitational 209 

force (Fvl and Fvr). This force was programmed to keep an axial load ratio during the entire lateral 210 

load protocol of 0.05P/Agf’c, based on a specified concrete strength of 35 MPa, Additionally, these 211 

actuators applied a variable vertical force (∆Fv), that was slaved to the horizontal force (Fh), 212 

programmed to ensure that the value of the shear span ratio was constant (Mb/VbLw = 2.08).  Larger 213 

shear span ratios up to 3.5 could be observed after the statistical analysis of the building database; 214 

however, the value selected is a representative value. Additionally, this shear span fit the maximum 215 

wall length and load capacity available in the laboratory [3]. Experimental and analytical evidence 216 

has shown that lateral displacements induce significant variations on the axial load [29, 30]; 217 

however, this variable was not evaluated in this experimental program. 218 

The foundation beam of the walls was bolted to a strong concrete floor to avoid uplift and 219 

sliding during testing. The out-of-plane displacement of the specimen was restrained by two 220 

150mm×150 mm×4 mm steel tubes located at both sides of the top HEA 450 beam and attached 221 

to the reactions frames (only front restraining tube shown in figure).  222 

 Once the axial load had been applied to the wall under a force-control protocol, a 223 

displacement-control protocol was implemented to apply the loading history shown in Figure 3. 224 
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The load steps inducing flange compression where defined to have a positive drift. The 225 

displacement cycles were defined in terms of the horizontal yield displacement of the walls. The 226 

first yield displacement was estimated as 2.0 mm according to results of a numerical model of the 227 

wall developed using the software DIANA [31], and calibrated based on test results reported by 228 

Almeida et al. [13]. Cycles of 0.4 mm, 0.8 mm, 1.2 mm and 1.6 mm were defined before attaining 229 

the estimated first yield displacement of 2.0 mm. These deformation levels were to have a better 230 

evaluation of the stiffness degradation at low drift demands. The peak displacements for the next 231 

cycles were defined to achieve drift levels of 0.1%, 0.13%, 0.17%, 0.33%, 0.42%, 0.5%, 0.83%, 232 

1.16%. The walls were subjected to two full cycles at each drift level to assess the cyclic 233 

degradation response of the walls. A slow loading velocity was chosen to disregard dynamic 234 

effects and to allow a continuous control of the instrumentation and the hydraulic system.  235 

 
 

a) b) 
Figure 2. Test setup: (a) experiment setup, (b) instrumentation layout and sensor numbering. 236 
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 238 
Figure 3. Loading protocol. 239 

2.3 Instrumentation  240 

The instrumentation scheme comprised several transducers to measure in-plane and out-of-plane 241 

deformations. Figure 2b shows the layout of the potentiometric displacement transducers (PDT) 242 

used to measure the contribution of sliding (37), flexural (15 to 23, 32 to 36) and shear 243 

deformations (24 to 31) to the total displacement of the wall. In addition, wire-PDTs (1’ to 13’) 244 

were connected perpendicularly to the wall to capture the out-of-plane displacement profile along 245 

the web edge, along its length, and at 1.2 m above the wall-foundation interface. Other sensors 246 

were installed to measure sliding (39) and uplift (38, 40) of the foundation beam. To trace the 247 

cracking pattern evolution, a random speckle pattern of high contrast was painted on the web 248 

surface of walls W5 to W7. Pictures were recorded every 30 seconds during the tests with a full-249 

frame digital SLR camera. Images were post-processed using a digital image correlation (DIC) 250 

technique [32, 33, 34]. 251 

2.4 Mechanical properties of the materials  252 

Specified nominal compressive strength for the concrete was 35 MPa. Actual concrete strength at 253 

the day of testing was 39.1 MPa for W4, 40.1 MPa for W5, 39.2 for W6, and 47.0 MPa for W7.  254 

The tensile stress-strain curves of the steel reinforcement measured using coupon tests are shown 255 

in Figure 4. Tensile tests of reinforcement were carried out in the Materials and Structures 256 
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Laboratory at the Nueva Granada Military University in Colombia. The yield and maximum stress 257 

for the reinforcing steel were 563 MPa and 691 MPa, respectively, for the 6.3 mm (#2) bars; 419 258 

MPa and 630 MPa, respectively, for the 12.6 mm (#4) bars; and 723 MPa and 759 MPa, 259 

respectively, for the 7 mm-WWM. 260 

The 12.6 mm (#4) reinforcing steel complied with ASTM-A706 standard [35] with the 261 

typical yield plateau and fracture elongation larger than 10%. However, the cold-drawn wires from 262 

the mesh and the 6.3 mm (#2) reinforcing steel exhibited a less ductile behavior, as shown in Figure 263 

4. The stress-strain curve of the 7mm-WWM used in specimen W5 transitioned from the elastic to 264 

the plastic branch smoothly without developing a yield plateau and exhibiting a flat post-yield 265 

response, characterized by a rupture strain smaller than 3% in average (Figure 4a). The 6.3 mm 266 

(#2) bars used to reinforce the web of specimens W4, W6 and W7 did not show a defined yield 267 

plateau either, however, the steel exhibited some strain hardening and the rupture strain was 268 

approximately twice the rupture strain for the cold-drawn wire from the mesh (Figure 4b).   269 

 270 
Figure 4. Stress-strain curves of steel reinforcement: (a) 7mm-diameter electro-welded wire mesh (3 271 

samples), (b) 6.3mm-diameter (#2) deformed bars (6 samples). 272 

 273 

 274 
 275 
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3. Wall behavior 276 

In this section, the propagation of damage of each wall specimen is evaluated in terms of its 277 

cracking patterns and failure mode. The hysteretic behavior is assessed in terms of lateral force 278 

and lateral drift ratio. 279 

3.1 Cracking propagation and failure mode 280 

Cracking for specimen W4 was recorded in the classical manner using markers and crack width 281 

rulers at the end of the cycles of the loading protocol. On the other hand, for specimens W5 to W7, 282 

a digital image correlation (DIC) technique was used to assess the crack evolution pattern. 283 

Cracking is described in terms of drift ratio (∆R). The drift ratio was computed as the quotient 284 

between the lateral displacements measured below the top beam and the height of the wall panel 285 

(2.4 m). 286 

The cracking pattern at the end of the test of W4 is shown in Figure 5. The crack pattern 287 

that developed during the load steps inducing flange compression was significantly different to the 288 

one developed during the steps that put the flange in tension. In the first case, cracks were located 289 

along the web at three main locations, namely, at the wall foundation interface, at 0.55 m and at 290 

1.7 m above the panel-foundation interface. When the first crack opened, the wall experienced a 291 

sudden displacement that was captured by the sensors. For the load steps inducing tension cycles, 292 

cracking was evenly distributed along the wall height (Figure 5a). Failure, defined as a lateral force 293 

drop larger than 20% of the maximum lateral force, was reached when loading during the cycle 294 

with ∆R=0.63% in the negative direction (flange in compression), when several of the 6.3 mm (#2) 295 

dowel bars connecting the wall to the foundation fractured. When reversing the load, the concrete 296 

at the web edge started crushing followed by the fracture of the 12.6 mm steel bars of the flange 297 

at ∆R=0.71%.  298 
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 299 

Figure 5. Cracking pattern at the end of test of specimen W4: (a) flange compression cycles (left), (b) 300 

flange tensile cycle (right). 301 

 302 

Figure 6 shows the cracking pattern at the end of the test of specimen W5. For the direction 303 

where the flange is in compression, a crack at the wall-foundation interface was also observed, and 304 

it remained as the only significant crack during several cycles until a second horizontal crack 305 

appeared at the web edge. This second crack was located 1.2 m above the wall base. A secondary 306 

crack located at the wall-top beam interface also appeared at early cycles but it did not exhibit an 307 

apparent opening. Cracking propagation along the flange was similar to W4 as it was distributed 308 

along the entire height of the panel. The dowel bars located near the flange started fracturing at 309 

∆R=0.50% when compressing the web edge. A strength degradation was observed at ∆R=0.67% 310 

when more dowel bars fractured. Spalling of the compressed web toe also occurred at the same 311 

drift level.  Failure occurred due to the fracture of the 12.6 mm (#4) reinforcing bars on the flange 312 

side, at the wall foundation interface, at ∆R=0.83% (Figure 6b). 313 
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 314 

Figure 6. Cracking pattern at the end of test of specimen W5: (a) load steps inducing flange compression 315 

(left), (b) load steps inducing flange tension (right). The plot shows the vertical strains as computed by the 316 

DIC software. The patter revealed by the DIC software does not represent the crack width but a region of 317 

large strains around the crack. 318 

 319 

Figure 7 shows the cracking pattern at the end of test W6. Cracking on the web edge side 320 

of specimen W6 was significantly influenced by the two additional 12.6 mm (#4) mm reinforcing 321 

bars. They induced a more distributed crack propagation along the entire wall height compared to 322 

specimens W4 and W5. Similarly to the other units, the largest crack was located at the wall-323 

foundation interface. One additional crack was observed at the web edge side, 0.70 m above the 324 

base, and was associated to the lap splice of the 12.6 mm (#4) reinforcement bars, which ended at 325 

this location.  Another large crack was observed at the top of the wall and it was probably 326 

associated with a stress concentration at the top beam interface. Fracture of the 6.3 mm (#2) starter 327 

bars also occurred for a drift ratio ∆R=0.67% during the load step that induced compression in the 328 

flange. A vertical crack appeared at the web toe along the 100 mm thick wall side and continued 329 
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enlarging and spreading upwards.  This crack triggered a lap-splice failure of the specimen due to 330 

the slippage of the 12.6 mm (#4) reinforcing bars during the first load step of the 0.83% drift ratio 331 

that induced compression in the flange and tension in the lap splice at the web. This failure mode 332 

resembled wall lap-splice failures observed in other experimental programs [36].  333 

 334 

 335 

Figure 7.  Cracking pattern at end of test of specimen W6: (a) flange compression cycles (left), (b) flange 336 

tensile cycle (right). The plot shows the vertical strains as computed by the DIC software. The patter 337 

revealed by the DIC software does not represent the crack width but a region of large strains around the 338 

crack. 339 

Cracking propagation of specimen W7 was similar to that of specimen W6 for the half-340 

cycles that compressed the edge with the short flange. Cracks on the flange side were evenly 341 

distributed along the height with wider cracks spreading towards the compressed toe at 0.7 m and 342 

1.1 m above the foundation. There was also a wide crack at the wall-foundation interface that 343 

appeared at early loading stages. Fracture of the 6.3 mm (#2) dowel bars was observed during the 344 

second load step of ∆R=0.83% that induced compression in the flange and continued for ∆R=1.16% 345 
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for both directions. The fracture of these dowel bars was followed by the rupture of the 12.6 mm 346 

(#4) dowel bar at the wall-foundation interface during the second cycle of the same drift at the side 347 

with the shortest flange. This fracture caused the failure of the specimen due to the loss of the 348 

lateral strength larger than 20%. The reinforcement showed an inclined fracture that could have 349 

been cause by several tensile compressive cycles that induced buckling (see Figure 8). 350 

 351 

Figure 8.  Reinforcement fracture at the shorter flange of specimen W7. 352 

 353 

The evolution of cracking of specimens W5 and W6 is shown in Figure 9 for three different 354 

levels of drift ratio demand. Cracking extending more than half of the wall length, on the flange 355 

side of all the specimen, was observed for drift ratios as low as ∆R= 0.17%. The entire crack pattern 356 

was completely developed at a drift ratio ∆R= 0.42%. The cracks on the flange side (right hand 357 

side of the pictures) were well spread for all walls and remained approximately horizontal within 358 

the flange. The crack pattern for tensile flange cycles became then inclined along the web with 359 

angles varying between 16 ≤ θcr ≤ 38 degrees, with a typical inclination of approximately 35 360 

degrees. On the other hand, crack pattern on the web-edge (left hand side of the pictures) differ 361 

among the walls. For instance, only a few wide cracks formed on units W4 and W5 (reinforced 362 

with the WWM) while a larger number of narrower cracks formed for specimens W6 and W7, due 363 
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to the additional reinforcement placed at the web edge (W6) or at the shorter flange (W7). 364 

 365 

Figure 9. Evolution of crack propagation for specimens W5 and W6 at three different drift ratios.  Pattern 366 

reveals regions of large vertical strains around the cracks and not the actual crack width. 367 

 368 

3.2 Hysteretic response 369 

Hysteretic curves are fundamental indicators of the global strength and deformation capacities as 370 

well as other important parameters such as stiffness degradation and energy dissipation [37]. The 371 

hysteretic curves of the walls are shown in Figure 10. They are expressed in terms of lateral force 372 

and lateral drift ratio. To account for different values of concrete strength (𝑓𝑓𝑐𝑐′), the ratio between 373 

the shear stress and the square root of 𝑓𝑓𝑐𝑐′ (�𝑓𝑓𝑐𝑐′) is also shown in the figure. The shear stress was 374 

computed as the ratio between the lateral force and the gross area of the wall web (Lwtw).  375 

As shown in Figure 10a, specimen W4 showed a stepped strength degradation after a lateral 376 

drift of +0.61% when the 6.3 mm (#2) dowel bars started rupturing at the wall-foundation interface 377 

during the load step that induced compression in the flange. After a sudden strength drop at +0.75% 378 

drift, the load was reversed and a lateral drift of -0.73% was reached before the strength started to 379 

decrease due to the crushing of the concrete at the bottom web edge. As shown in Figure 10b, the 380 

specimen W5 was able to reach a drift of +0.69% during a load step inducing web tension before 381 
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strength started to decrease due to rupture of the 6.3 mm (#2) dowel bars at the web side. The 382 

specimen W5 reached a maximum drift of +1.10% for the flange compression load step and -383 

1.20% for the flange tensile load step before the fracture of most of the dowel bars and the crushing 384 

onset of the web edge concrete. However, the strength degradation for those drift levels was 385 

approximately 42% and 31%, respectively. A 20% of strength degradation, which is commonly 386 

used as a criterion for failure, was observed at ∆R=+0.80% and ∆R= -0.97% for compressive and 387 

tensile flange load steps, respectively. Specimen W6 showed more stable loops with strength 388 

degradation lower than 13% during the second loading cycle for a lateral drift close to ±0.85% in 389 

both directions (Figure 10c). A sudden strength drop occurred at ∆R=+0.92% during the flange 390 

compression load steps due to the failure of the lap splice of the 12.6 mm (#4) reinforcing bars at 391 

the web edge. At that instant, the strength degradation reached 16%. The hysteretic response of 392 

specimen W7 was similar to that of specimen W6 up to a lateral drift of ∆R=±0.85%. As shown in 393 

Figure 10d, the specimen W7 was able to accommodate two additional cycles up to ∆R=1.20% but 394 

suffered a strength degradation larger than 35% at this point. A 20% strength degradation was 395 

observed for a drift ratio close to +1.15% for the flange compressive cycle and -1.24 for the flange 396 

tensile cycle. 397 

For special RC structural walls, ACI 318 [2] prescribes that the relative contribution of 398 

concrete to nominal wall shear strength is 0.17�𝑓𝑓𝑐𝑐′MPa for walls with H/Lw equal or higher 2.0. 399 

As shown in Figure 10, the peak strength of wall specimens varied between 0.14 �𝑓𝑓𝑐𝑐′  MPa for 400 

W5 and 0.21�𝑓𝑓𝑐𝑐′ MPa for W6 during the flange compression cycles. These peak strength values 401 

close or lower than the contribution of concrete to wall shear strength indicate a limited shear 402 

contribution to the total response. 403 
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 404 

Figure 10. Drift ratio versus base shear relationships for walls W4, W5, W6, and W7. 405 

       406 

4. Analysis and discussion of results 407 

The response of the specimens is compared next with regard to their drift capacity at certain limit 408 

states, their backbone force-displacement envelopes, the contributions to the drift from flexural, 409 

shear and sliding deformations, and the evolution of stiffness degradation and energy dissipation.  410 

4.1 Limit states 411 

To identify key parameters of the behavior of the walls, five performance levels were defined on 412 

the envelope of the hysteretic response as follows: cracking moment (CM), first yield at the base 413 

crack (YBC), first yield above the base crack (YABC), peak lateral resistance (PLR), and loss of 414 

lateral resistance (LLR).  415 
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The CM limit state defines the drift range over which the in-plane stiffness of the wall 416 

panel is largest. Additionally, for lightly reinforced wall panels where the yielding moment may 417 

be close to the cracking moment, the CM limit state definition may help detective the potential of 418 

a brittle failure (e.g. if cracking moment is larger than the yielding moment). The CM limit state 419 

was theoretically defined by computing the cracking moment, Mcr, of the cross section using Eq. 420 

(1). 421 

𝑴𝑴𝒄𝒄𝒄𝒄 = (𝒇𝒇𝒓𝒓+𝑷𝑷/𝑨𝑨𝒈𝒈)𝑰𝑰𝒈𝒈
𝒚𝒚

=
(𝟎𝟎.𝟔𝟔𝟔𝟔�𝒇𝒇𝒄𝒄′+𝑷𝑷/𝑨𝑨𝒈𝒈)𝑰𝑰𝒈𝒈

𝒚𝒚
                   (1) 422 

where y is the distance from the centroid to the extreme fiber in tension, Ag and Ig are the gross 423 

area and gross moment of inertia of the cross-section, respectively, and fr is the modulus of rupture 424 

of the concrete, which is defined in terms of the compressive strength, 𝑓𝑓𝑐𝑐′ (MPa), at the day of the 425 

test following NSR-10 provisions. The base shear force associated to the CM limit is estimated 426 

using the shear span ratio Mu/VuLw of the experiments, which as stated was kept constant at 2.08 427 

for all tests.  428 

For slender reinforced concrete walls with low axial load, one of the main contributions to 429 

the total displacement comes from rigid body rotation around the neutral axis, due to the crack at 430 

the wall-base interface [38]. Furthermore, the impact of the base-crack opening on total 431 

displacement is greater for lightly reinforced panels [39]. The YBC limit is defined based on the 432 

strain penetration model presented by Moehle [40]. Such model relates slip deformation due to 433 

rigid-body rotation with both the geometry and stress state of the reinforcing bars at the edge of 434 

the panels in the interface with the foundation. The model assumes that the tension force in the bar 435 

gradually decreases from the maximum stress demand at the wall-base interface (fs,max), to zero 436 

stress at the anchorage distance into the base. Bar elongation (sa) from this point to the wall-base 437 
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interface can be computed as the integral of the strain along the anchorage length (la). If fs,max = fy 438 

(i.e. YBC limit is reached), sa can be estimated using Eq. (2): 439 

𝒔𝒔𝒂𝒂 = 𝒇𝒇𝒚𝒚𝟐𝟐𝒅𝒅𝒃𝒃
𝟖𝟖𝑬𝑬𝒔𝒔𝒖𝒖�

                          (2) 440 

where db is the bar diameter, Es = 200 GPa is the elastic modulus of steel, and 𝑢𝑢� = 1.0�𝑓𝑓𝑐𝑐′ (MPa) 441 

is the average uniform bond stress recommended by ACI 363-92 [37] for linear response (i.e. up 442 

to fs,max = fy ). The YBC limit is met when the theoretically computed sa values reach the 443 

experimental measurements recorded with the displacement transducers near the base (32 and 15). 444 

The short gage length of these transducers (e.g. 50 mm) ensures that the recorded displacements 445 

only account for crack opening at the base without much contribution from strains above the crack.  446 

The YABC limit state is set by determining the test step in which the rebar elongation (dstr), 447 

measured with the transducers located along the edges of the wall, exceeded the yield strain limit. 448 

The strain in the bars at the i-th location along the height of the panel was estimated as εStr,i = dstr,i 449 

/ Ltr,i where is the Ltr,i is the gage length of the i-th transducer. This value was compared against 450 

the yield strain of each bar in at the edge of the panel (i.e. εy = fy/Es). The PLR limit state is related 451 

to the peak load for each loading direction and was directly obtained from the hysteresis response. 452 

For code-based seismic design, the LLR limit state is reached when a loss of 20% in capacity is 453 

observed after the peak shear strength is achieved.  454 

Figure 11 shows the backbone curves enveloping the previously presented hysteresis loops, 455 

marking the limit states previously described. For the direction compressing the web edge, the 456 

response of specimens W4, W5 and W6 was similar. This is expected because the specimens had 457 

the same cross-section geometry, and the response in this direction is mainly commanded by the 458 

tensile strength of the reinforcement in the flange, which was the same in this set of specimens. 459 
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The envelope for specimen W7 exhibits a larger capacity in strength and displacement due to the 460 

enlarged element at the web edge.  461 

The response for the direction compressing the flange is dependent on the reinforcing 462 

characteristics of the specimens. Specimens W6 and W7 reached the largest capacity among all 463 

specimens thanks to the two additional 13 mm bars at the web edge. Furthermore, specimen W7 464 

exhibited the largest displacement capacity of the four units. Although specimen W5 was expected 465 

to reach a higher strength as compared to W4 because of the larger yield strength of the WWM, 466 

its capacity was 12% lower. This could be in part because the reinforcement details and the type 467 

of steel at the foundation-wall interface, where most of the plastic deformations occurred, is similar 468 

for both units.  469 

Drift ratios at defined limit states are shown in Table 2. For the direction compressing the 470 

web edge, the DCR limit is reached in the drift range 0.024 ≤ ∆R ≤ 0.033% for specimens W4, W5 471 

and W6, and at ∆R = 0.041% for specimen W7. For the opposite direction, the DCR limit is reached 472 

in the range 0.017 ≤ ∆R ≤ 0.024% for specimens W4, W5 and W6, and at ∆R = 0.032% for W7. 473 

The YBC limit was also reached early on in the loading sequence. In both loading direction, all 474 

specimens reached the YBC limit in the range 0.08 ≤ ∆R ≤ 0.10%, except for specimen W5 who 475 

reached at 0.03% drift when compressing the flange. The limited cracking drifts values discussed 476 

above should be considered in newer revisions of the Colombian Building Code, NSR-10, to 477 

prescribe the use of non-cracked moments of inertia when analyzing the seismic action on 478 

multistory wall structural systems. 479 

Specimen W5 did not reached the YABC limit when compressing the flange, indicating 480 

that most of the plastic deformation on the edge rebar was concentrated at the base crack. 481 

Additionally, the lack of strain hardening of the WWM on the web prevented the spread of the 482 
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plasticity along the web edge. The YABC limit was recorded at 0.09, 0.24 and 0.14% drift ratio 483 

for specimens W5, W6 and W7, respectively. For the opposite direction, the YABC limit was 484 

achieved between 0.19 and 0.29% drift ratio for all specimens. When compressing the flange, the 485 

specimen W5 reached its maximum strength at the smallest drift ratio (i.e. ∆R = 0.32%) among all 486 

specimens. This value is 27% smaller than that of specimen W4. Past this point, the force-487 

displacement backbone of specimen W5 remained flat up to the onset of strength loss at ∆R = 488 

0.32%. Specimen W6 and W7 reached the maximum strength close to 0.80% drift ratio in both 489 

directions.  490 

For the direction compressing the flange, the displacement capacity at the LLR limit of 491 

specimens W6 was 15% and 56% larger than that of specimens W4 and W5, respectively. This 492 

result shows the benefits of the additional ductile reinforcement at the web edge, which provoked 493 

an increase in both, the strength and displacement performance of the panels. The displacement 494 

capacity of specimen W7 was 25% larger than that of W6. For the direction compressing the thin 495 

web edge, the displacement capacity of specimen W7 was at least 17% larger than that of any other 496 

specimen, evidencing the beneficial effect of the enlarged boundary.  497 

 498 

 499 

Figure 11. Backbone curves of all specimens.  500 

(a) 
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Table 2.  Drift ratios at defined limit states. 501 

Limit State 
 Drift at defined limit states (%) 

W4 W5 W6 W7 
FCC* FTC* FCC FTC FCC FTC FCC FTC 

DCR 0.025 -0.024 0.024 -0.017 0.033 -0.020 0.041 -0.032 
YBC 0.08 -0.08 0.03 -0.10 0.08 -0.08 0.08 -0.10 

YABC N.R. -0.19 0.09 -0.26 0.24 -0.21 0.14 -0.29 
PLR 0.32 -0.49 0.44 -0.58 0.76 -0.79 0.85 -0.85 
LLR 0.59 -1.06 0.80 -0.87 0.92 -0.86 1.15 -1.24 

*FCC: Flange compression loads step. FTC: Flange tensile load steps. 
N.R: limit state Not Reached.    

 502 

4.2 Deformation components  503 

The sources of wall deformation were identified based on the recordings from the different sensors 504 

located on the walls (see Figure 12). Four different deformation components were identified: (i) 505 

contribution of rocking or the rotation along the wall foundation, (ii) flexural deformations due to 506 

the spreading of plasticity along the wall, (iii) web shear and (iv) sliding at the base. The 507 

contribution of the four deformation components to the total drift at the PLR limit state is shown 508 

in Figure 12. The rotation along the wall-foundation interface crack involved the largest 509 

contribution as it reached 42.8%, 64.5%, 44.1% and 37.3% of the total displacement contribution 510 

for specimens W4, W5, W6 and W7, respectively. Displacements of unit W5 when compressing 511 

the flange are therefore mainly due to rigid body rotation, which is consistent with the absence of 512 

yielding above the base crack. The flexural contribution to the total deformation was 42.8% for 513 

W4, 24.6% for W6, 27.7% for W7 and was negligible for W5 as most of the rotation was 514 

concentrated at the foundation-wall interface and only one observable crack formed along the wall 515 

height. Shear deformation, calculated according to Hiraishi [41], had no significant contribution 516 

to total deformation of specimens W4 and W5; however, shear deformation contributed 25.9% and 517 

22.9% to the total deformation for specimens W6 and W7, respectively. This increase of shear 518 
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deformations is explained by the increased number of cracks along the web in these specimens, 519 

which were not observed in specimens W4 or W5. Sliding along the base was not significant for 520 

any of the walls as contributions were lower than 7%. 521 

 522 

Figure 12. Contribution of deformation components to the total displacement for the PLR limit state in the 523 

direction that compresses the flange. 524 

 525 

The base rotation drift is compared to the total drift when compressing the flange in Figure 526 

13 for three limit states: DCR, YABC and PLR. As previously discussed, the rocking at the wall-527 

foundation interface was the main contributor to the total displacements in view of the low 528 

longitudinal reinforcing ratio of the specimens. Such rocking induced a crack along the interface 529 

and subsequent large strains of the dowel bars connecting the wall to the foundation. The rotation 530 

from the base crack was largest for specimen W5 (with the WWM) at any instant of the experiment. 531 

This is consistent with the scarcity of cracks along the height of the web edge (see Figure 6). On 532 

the other end, specimens W6 and W7 exhibited the smallest rigid body contribution to the total 533 

displacement greatly due to the additional reinforcement at the web edge, which prevented a wider 534 

crack opening, and facilitated the spread of plasticity along the web edge. 535 



 

28 
 

 536 
Figure 13. Evolution of base rotation contribution to total drift. 537 

 538 

4.3 Out-of-plane deformation 539 

The instrumental and video recordings taken at the web edge for specimens W4 to W6 showed 540 

that the out-of-plane displacement (OPD) of the specimens was negligible, hence no signs of wall 541 

buckling were observed. Maximum OPD normalized by wall thickness (OPD/𝑡𝑡𝑤𝑤) was smaller than 542 

0.085, being larger for specimen W4. The tensile strain applied prior to subsequent loading in 543 

compression is the parameter that governs the out-of-plane instability [42]. As shown in Table 3, 544 

the maximum total strain along the web edge recorded from the cycles that put the web edge in 545 

tension was lower than 1%. Additionally, if the contribution of the base crack is not accounted for 546 

in this average strain calculation, the maximum strain above the base crack did not exceed 0.4%. 547 

This low strain values above the wall-foundation interface have likely prevented the occurrence of 548 

relevant out-of-plane deformations. According to Eq. (4) from Parra and Moehle [25] the critical 549 

tensile strain (ξsm,cr) that would induce out-of-plane failure would be around 1.6% for the walls 550 

with no additional end reinforcement (W4 and W5) and around 1.1% for the wall with the 551 

additional 12.5 mm (#4) reinforcement bars at the wall end (W6). As one the wall had only one 552 
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reinforcement layer κ was defined as 0.5, the wall was assumed to have perfect fix at the top and 553 

bottom beams, and therefore k was defined as 0.5. The wall thickness (bcr) used was 100 mm and 554 

the wall clear height (hu) was 2400 mm. 555 
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 556 

Table 3.  Maximum strain during load stages inducing tensile cycles at the web edge. 557 

Specimen W4 W5 W6 W7 
Average strain over wall height at web edge 
(mm/mm) 

0.010 0.007 0.008 0.010 

Average strain if opening of base crack is 
excluded (mm/mm) 

0.003 0.002 0.004 0.004 

Drift (%) +0.96 +0.86 +0.83 +1.14 
 558 

4.4 Stiffness degradation  559 

The stiffness degradation curve is commonly related with the increase of the deformation demand 560 

of the element. For practical earthquake-resistant design, deformation is commonly expressed in 561 

terms of story drift ratio and the stiffness degradation in terms of the ratio of the stiffness of a 562 

particular cycle and the stiffness of the first cycle or initial stiffness (Ke/Ki). Using the latter 563 

approach, stiffness degradation curves of the test units are shown in Figure 14. Trends of stiffness 564 

degradation demonstrated that walls experienced a rapid degradation as the reduction of the initial 565 

stiffness was close to 70% (Ke/Ki ≈ 0.3) for drift ratios between 0.16% and 0.25% for the flange 566 

tensile cycles, and between 0.09% and 0.15% for the flange compressive tests. At 1% drift ratio, 567 
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which is considered a design limit according to the local design guidelines when uncracked 568 

sections are considered in the design process, the effective stiffness was lower that 10% of the 569 

initial stiffness (Ke/Ki = 0.1) for all the specimens. These results indicate the significance of 570 

considering the cracked sections in the design process as drift may be significantly underestimated 571 

if gross sections are used to verify drift limits defined by the Colombian code [1]. Table 4 shows 572 

values of stiffness degradation (Ke/Ki) to each of the defined limit states for all the specimens. 573 

Table 4.  Stiffness degradation ratios at defined limit states. 574 

Limit 
State 

Stiffness degradation at defined limit states (%) 
W4 W5 W6 W7 

FCC FTC FCC FTC FCC FTC FCC FTC 
DCR 0.87 0.99 0.78 0.96 0.69 0.98 0.71 0.82 
YBC 0.69 0.44 0.34 0.64 0.44 0.64 0.52 0.48 

YABC 0.33 0.23 N.A.* 0.35 0.23 0.34 0.33 0.24 
PLR 0.09 0.11 0.13 0.15 0.07 0.09 0.08 0.09 
LLR 0.04 0.06 0.06 0.06 0.03 0.08 0.05 0.05 

 575 

 576 

Figure 14. Stiffness degradation of walls: (a) flange tensile cycles, (b) flange compressive cycles. 577 

 578 

4.5 Energy dissipation  579 

The energy dissipated is a crucial seismic-performance parameter for structural elements subjected 580 
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to several loading cycles. The variation of dissipated energy versus drift ratio is shown in Figure 581 

15a. The elastic energy was obtained as the area below the lateral force vs displacement envelope 582 

for each load step and the dissipated energy was obtained as the total area inside the hysteresis 583 

loop.  As shown in Figure 15a, the specimen W5 experienced the largest amount of dissipated 584 

energy up to a drift of 0.57%. After this drift, W4 shows the largest dissipated energy. The 585 

reinforcement of specimen W4 included moderate ductility reinforcement mesh and no additional 586 

reinforcement at the ends while W5 had the low ductility steel mesh. On the other hand, the 587 

specimen W6 and W7 experienced the lowest energy dissipation. Specimen W6 was reinforced 588 

with a moderate ductility reinforcement mesh and additional reinforcement bars at the wall end 589 

while W7 had flanges at the two ends. Wall W6 experienced a lap splice failure and W7 had 590 

reinforcement fracture at both ends. At a drift ratio of 0.7%, W6 reached just 61% of the energy 591 

dissipated by W4 and 73% of the energy dissipated by W5. W7 dissipation was lightly smaller 592 

which may indicate that the even if the concentrated reinforcement at the wall ends improves the 593 

crack distribution; it does not necessarily improves the energy dissipation. 594 

The ratio of dissipated and elastic energy is included in Figure 15b. As shown in the figure, 595 

specimen W4, W6 and W7 showed a rapid decrease of the relative dissipated energy up to a drift 596 

ratio of approximately 0.1%. After that decrease, a slight to moderate increase and a relatively 597 

constant region was observed up to a drift ratio of roughly 0.5%. For drift ratios larger than 0.5%, 598 

the relative energy increases with the drift ratio but at a faster rate. On the other hand, specimen 599 

W5 also experienced an initial decrease of ratio of dissipated energy; however, a relatively constant 600 

rate of increase was observed up to the maximum drift recorded. The behavior for W5 may be due 601 

to the limited cracking during the first cycles that increased gradually during the test. The limited 602 

cracking produced a smaller dissipated energy compare to the elastic energy but this dissipation 603 
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gradually increased as a couple of cracks opened along the wall at the web side. 604 

 605 

Figure 15. Energy dissipation: (a) dissipated energy (left), (b) relative dissipated energy (right). 606 

5. Comparison with plausible displacement demand at the design level 607 

Results of linear response history analyses over 15 multistory thin-wall buildings from 608 

Arteta [11] are adapted next to correlate demand and capacity of thin walls buildings in Colombia. 609 

The models were selected from a Colombian building database comprising structures with 4 to 18 610 

stories in height (i.e. 10 to 43 m in height). The median value of the Sozen [43] wall-area index 611 

(ratio between area of wall-webs in a given direction and the first floor area) for these buildings is 612 

3.7%, with minimum and maximum values of 1.4 and 9.8%, respectively. Most of the structures 613 

evaluated (approximately 70%) have wall-area index larger than 3%, which are considered 614 

“robust”, and safe under seismic shaking. Further details of the building set geometry, and their 615 

dynamic characteristics can be found in [3]. 616 

Figure 16a shows the maximum roof drift ratio (RDR) demand versus cracked period 617 

relationship in the longitudinal direction of the structure. Each model is represented by its 618 

structural period and was analyzed under a set of 11 two-horizontal-component ground motions, 619 

selected such that the median of their geomean spectra matched the design level of the code-based 620 

spectrum. A power regression for the median and the 84th percentile demand is depicted along with 621 

the individual response. The upper and lower bound of drift capacity at the LLR-limit, of the panels 622 
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presented herein, in the direction compressing the flange, are traced as horizontal dotted lines. It 623 

is noted that the lower bound capacity is exceeded at the median and 84th percentile level for 624 

structural periods larger than 1.10 s and 0.85 s, respectively. This period range is covered by 625 

structures with more than 14 stories, which represent one-third of the buildings in the database. It 626 

is worth emphasizing that the elastic models do not account for flexural yielding of the critical 627 

cross sections, and hence, the results presented above might not be conservative. 628 

 629 

Figure 16. Displacement demand at the design level for Colombian thin-wall RC buildings: roof-drift-630 

ratio versus cracked period. 631 

 632 

6. Conclusions 633 

Four full-scale thin reinforced concrete walls were built and tested to evaluate their performance 634 

under lateral cyclic loading. These units were aimed to represent the current local practices for one 635 

of the typical construction systems used in Colombia and were defined based on the analysis of a 636 

database of buildings from 8 to 15 stories with low axial load ratios (below 5%) and light steel 637 

reinforcement ratios along the web.  The tested specimens variables as wall length, shear span ratio 638 
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and additional steel at the wall edges are representative of the database. However, walls with 639 

different characteristics are also common within the database.   640 

The results from all the specimens showed a limited deformation capacity well below 1.43% which 641 

is the maximum drift limit specified by the code for buildings designed based on cracked sections. 642 

Hence, these walls would not be able to perform according to the code requirements if included in 643 

buildings allowed to reach the maximum drift limit. Significant lower design drift limits should be 644 

used if this type of walls are to be included as part of the lateral resisting system of the building. 645 

In terms of the failure mode, the walls were characterized by the rupture of the steel, mainly 646 

due to the concentration of plasticity in a single crack located at the wall-foundation interface. This 647 

concentration was more evident when a low ductility cold-drawn welded mesh was used as web 648 

reinforcement, instead of deformed bars with moderate ductility. Lap splice failure mode due to 649 

bar slippage was also observed which induced a significant decrease of the energy dissipation 650 

compared to the steel rupture failure mode. 651 

In terms of the displacement capacity of the walls, a slight increase was obtained by providing 652 

additional reinforcement with moderate ductility at the wall ends as these improved the crack 653 

distribution along the wall height. Additional displacement capacity was obtained by adding the 654 

short flange in W7 as it prevented the lap splice failure that occurred in W6. There was no evidence 655 

of buckling of the wall under load steps that induced compression on the web, possibly due to the 656 

limited elongation along the web edge, above the base crack. Stiffness degradation curves 657 

demonstrated that walls experienced a rapid deterioration as the loss of the initial stiffness was 658 

roughly equivalent to 50%, 85%, 90% for drift ratios close to 0.1%, 0.5% and 0.7%, respectively. 659 

Such critical values of stiffness degradation evidenced that typical cracking factors proposed by 660 

the local building code, which are significantly higher, cannot be used for code-based seismic 661 
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design of walls with similar characteristics to those tested. Results of this study are applicable only 662 

to walls with conditions similar to those reported here. Future experimental programs should 663 

consider variations on the axial load ratio and the impact of heavily reinforced web boundaries as 664 

this may trigger other failure modes such as out-of-plane instability or early concrete crushing. 665 

A case study with a set of linear elastic response history analyses of multistory buildings, 666 

representative of the construction practice of thin-wall buildings in Colombia, showed that the roof 667 

drift ratio demand at the design level of demand, might exceed the capacity of the walls tested, 668 

specifically for structures taller than 14 stories. 669 
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