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Abstract

Reinforced concrete walls provide effective bracing against seismic lateral loading for
buildings worldwide. In Latin America, seismic design provisions commonly adhere to the
ACI 318 building code, which is predominantly based on United States construction prac-
tices. However, in some Latin American countries, the construction methods and geometri-
cal configurations of structural walls significantly differ from those in the U.S.; hence, the
available information about the actual behavior of such walls under seismic loads is lim-
ited. This study focuses on a thin and lightly reinforced concrete wall (TLRCW) building
system, which is characterized by walls thinner than 150 mm and primarily reinforced with
a single layer of electrowelded wire steel mesh, with no boundary elements but with addi-
tional reinforcing bars at the edges. Past experiments on rectangular and T-shaped walls
of the TLRCW building system, which were tested under unidirectional cyclic loading,
exhibited limited rotational capacities. This article extends these findings by presenting
results from a multidirectional loading test on a U-shaped thin wall and assessing its failure
modes, strength and displacement capacity, deformation components, and stiffness degra-
dation. A numerical model based on a nonlinear beam-truss approach was implemented
to evaluate the accuracy of the estimates of key performance variables of the wall. The
experimental results show limited displacement capacity below 1.15% drift, with a failure
mode controlled by concrete crushing at the flange toes. The numerical model was able to
capture some of the key global response parameters for all the load directions and at the
local level, but with less accuracy.

Keywords U-shaped walls - Thin slender walls - Reinforced concrete walls -
Multidirectional test - Beam-truss model

1 Introduction

In regions prone to earthquakes structural walls are widely used as the main lateral load-
resisting system for multistory buildings. Historically, design and construction practices for
walls in Latin America have been influenced by the ACI 318 building code. However, the
adaptation of this code for the countries in this region does not always consider some local
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Fig. 1 Typical structural configuration of thin concrete wall buildings

construction practices and material availability, leading to significant deviations in the
actual behavior of reinforced concrete (RC) walls under seismic loading from their
intended design performances.

The seismic design provisions in ACI 318 come from existing research on RC walls
that are considerably thicker and more heavily reinforced than those constructed in some
regions of Latin America. This discrepancy raises concerns about the seismic vulnerability
of buildings in this region, particularly those employing thin and lightly reinforced concrete
wall (TLRCW) systems. These systems typically feature walls that are less than 150 mm
thick and utilize a single layer of electrowelded wire steel mesh (WWM) as primary rein-
forcement. The design usually includes ductile bars at wall edges, but detailed boundary
elements to confine the concrete are lacking (Bonett et al. 2024). According to Carrillo
et al. (2019) and Miranda-Giraldo et al. (2024), the inherent lack of ductility in WWM
significantly compromises the rotational capacity of these walls, resulting in a suboptimal
response, as confirmed by Blandon et al. (2018 and 2020) for thin RC walls in Colombia.

According to Bonett et al. (2024), a main feature of the construction method of TLRCW
systems is that structural walls are used to configure the architectonical distribution of
the apartments; therefore, the geometries of the wall section are often nonrectangular and
irregular, as shown in the typical plan of a building in Fig. 1.

The existing research on the seismic performance of thin RC walls in Colombia pro-
vides insights into their structural behavior under seismic demand. The studies by Blandon
et al. (2018 and 2020) focused on unidirectional reversed cyclic loading tests on rectangu-
lar and T-shaped thin walls. These experiments have been instrumental in documenting the
mechanical behaviors and failure modes associated with these configurations under seismic
loads. Recently, Ortega et al. (2023) extended this scope to include Barbel-type thin walls
to consider means to retrofit commonly utilized thin walls in residential buildings. The
findings from these studies consistently reveal limited ductility capacities across various
wall configurations, highlighting a broader issue of plausible structural vulnerability during
seismic events. The consistent observations of limited ductility across these studies indi-
cate an urgent need to revisit design practices and material choices to enhance the earth-
quake resilience of buildings in this region. Table 1 summarizes some of the key interna-
tional references found about experimental programs on nonrectangular wall elements that
may be related to the case of interest. Key findings are presented next for each study.

Ile and Reynouard (2005) observed good performance, attaining displacement ductility
factors of approximately 6 for well-confined walls. They also recognized that while their
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Table 1 Specimen features from the literature review

References name Cross-  Scale t *M/VL hy/t Failure Mode
section [mm] Xdir/Ydir
ek
Ile & Reynouard WALL U 1:1 250  3.12/2.6 14.4 Bar buckling and concrete crushing
(2005) 1 at flange edge
WALL U 1:1 250 3.12/2.6 14.4 Bar buckling and fracture in tension
2
WALL U 1:1 250  3.12/2.6 14.4 Bar fracture after previous buckling,
3 followed by flange shear
Beyer et al. (2008) TUA U 1:2 150 295/335 177 Rupture of the longitudinal reinforc-
ing bars in the west flange
TUB U 1:2 100 2.95/3.35 265 ‘Web crushing caused by the reduc-
tion of the effective thickness due
to spalling of unconfined concrete
Behrouzi, Mock, Wall 7 U 1:3 150 1.2/3.0 24 Rupture along the center of the web,
Lowes, Lehman and buckling of the vertical bars at the
Kuchma. (2018) boundary elements and rupture of
bars in the west flange boundary
elements
Wall8 U 1:3 150 1.2/3.0 24 Bars ruptured along the East flange,
and the specimen could no longer
carry the full axial tension
Constantin & Beyer TUC U 1:2 100  2.58/2.81 17.7 Out-of-plane buckling and compres-
(2016) sion failure of the west flange
TUD 8] 1:2 100 2.58/2.81 17.7 Explosive compression failure of the
concrete in the east flange
Almeida et al. (2017) TW4 T 2:3 80 22.7/3.7 25 A sudden failure involved abrupt
-1: concrete crushing and buckling of
the rebars in the boundary element
of the web edge
TWS T 2:3 120 1677272 17 A failure involved abrupt concrete
-1: crushing and buckling of the
rebars in the boundary element of
the web edge
Bruggen, French & NTW1* T 1:2 152 4.33/3.46 199 Crushing of the flange tips, causing
Sritharan (2017) a substantial loss of capacity
NTW2* T 1:2 152 4.33/3.46 199 Loading with the flange in tension
caused failure of the web tip
Hoult, Appelle, TUE U 1:1 100 3.58/4.05 425 Local out-of-plane buckling in the
Almeida & Beyer east flange
(2020)
Hoult, Doneux & Uwl 8] 1:2 100 64 225 Concrete core crushing and buckling
Almeida (2023b) in the boundary end. Out-of-plane
instability of the
bottom region of the flange
Uuw2 U 1:2 100 Torsional 22.5 boundary end crushing and out-of-
test plane bending of

longitudinal rebars

t is the thickness of the wall

h, is the unrestrained height of the wall

*M is the overturning moment, V is the lateral load, and L is the test unit length in the direction of the load

“walls with intermediate slabs

"X is the direction aligned with the flanges
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numerical models correlated well with experimental data, steel buckling was not effec-
tively captured, indicating limitations when faced with bidirectional loading conditions.
Beyer et al. (2008) showed the impact of wall thickness on seismic response, especially
when subjected to diagonal loading, a condition under which U-shaped walls demon-
strated reduced displacement capacities. Behrouzi and colleagues (2018, 2020) provided
evidence that bidirectional loading can hinder the ductility capacity of U-shaped walls,
with early damage manifesting as concrete spalling and crushing and failure triggered by
steel fracture postbuckling. Constantin and Beyer (2016) highlighted the inadequacy of
the plane-section assumption for diagonal loading scenarios and the importance of diago-
nal directions for the design of shear. Bruggen et al. (2017) demonstrated that the height
of T-shaped wall specimens and the confinement of longitudinal reinforcement critically
influence the in-plane load capacity and displacement. Finally, Hoult et al. (2018) investi-
gated thin RC U-shaped walls with single reinforcement layers, underscoring the necessity
for dual reinforcement layers and boundary confinement to prevent out-of-plane buckling
and improve flexural compression capacity. Hoult et al. (2023a, b) reported concrete crush-
ing and out-of-plane instability at the flange toes during cyclic loading for lightly confined
U-shaped walls at drifts of approximately 2.0%.

These studies demonstrate that U-shaped walls behave differently from traditional rec-
tangular walls, particularly concerning reinforcement concentration and multidirectional
load resistance. The unique local construction methods, such as the use of WWM as the
primary reinforcement with lightly and concentrated ductile reinforcement at the edges,
require further exploration, especially under protocols that induce simultaneous displace-
ments along both principal axes. This article presents the main findings of an experimental
study on the characteristics of an RC thin U-shaped wall reinforced with single layers of
nonductile WWM subjected to pseudostatic multidirectional cyclic loading. A nonlinear
beam-truss numerical model is calibrated with the experimental results to reproduce the
main global and local response characteristics. The results confirm the need for address-
ing some designs, as the displacement capacity was low, with brittle failure modes such as
concrete crushing. The numerical results also show highly inconsistent results from models
that assume that the plane sections remain planar.

2 Experimental program

A half-scale 1.3 mx 1.3 m U-shaped wall was tested in the structural mechanics laboratory
at EIA University. It consisted of a two-story unit with a total height of 2.88 m (Fig. 2a)
and typical reinforcement detailing and materials used in TLRCW buildings in Colombia
(Bonett et al. 2024). The interstory clear height was 1.2 m for the first story. An intermedi-
ate slab was included to capture the lateral bracing effect on the walls and anchor the wall
wire mesh, which is a customary detail for the buildings that use this structural typology. A
top beam was also included at the top of the wall, which served as a load transfer element
to the rest of the wall. To the best of the authors’ knowledge, there is no data in the litera-
ture on walls similar to the prototype studied in this paper that combine a reduced thickness
and WWM as reinforcement in a single layer.

The scaled thickness of the wall was 60 mm, and the reinforcement comprised a sin-
gle layer of electrowelded wire mesh, 4 mm in diameter, with a center-to-center spacing
of 75 mm in the horizontal and vertical directions. The provided longitudinal reinforce-
ment ratio was 0.26%, which is close to the minimum required by the current Colombian
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a) 3D configuration of the specimen  b) Transverse section and reinforcement.

Fig.2 3D configuration and transverse section of U-shaped wall tested

building code, NSR-10 (AIS, 2010). The flanges and the web had additional continu-
ous 9.5 mm (#3) ductile reinforcement at the edges, from the foundation to the top slab
(Fig. 2b), resulting in a 2.1% reinforcement ratio at the edges over an area of approximately
3.4 ¢, (the total length of the section where the additional reinforcement was placed at the
edges) x t,,, where ¢,, is the thickness of the wall. The concrete had no confinement rein-
forcement following the typical details found in actual TLRCW buildings.

The electrowelded mesh had a 300 mm lap splice from the wall-foundation interface to
connect the 4 mm starting dowels embedded in the foundations. The web had an additional
12 mm (#4) of transverse reinforcement bars spaced 150 mm along the height to prevent
shear failure of the wall when loaded in the direction parallel to the web, as this is not an
expected failure mode based on the design procedure of the current code. According to the
calculations for designing the wall, no additional transverse reinforcement was necessary
for the flanges. The resulting transverse reinforcement ratio in the web was 1.6%, while it
was 0.28% in the flange.

2.1 Mechanical properties of the materials

The concrete used a scaled aggregate of 9.5 mm (3/8") maximum size to produce a con-
crete with a specified compression strength (")) of 25 MPa. The 9.5 mm thick (#3) duc-
tile reinforcement bars had an average yield strength of 456 MPa and an ultimate strength
of 645 MPa. The measured average rupture strain was 14.6%. Figure 3 shows the 4 mm
WWM stress—strain experimental curves. Their properties are significantly different from
those of typical ductile reinforcement steel, with a maximum average tensile strength of
803 MPa and a limited rupture strain of 1.7%, which shows the fragile nature of this type
of reinforcement. Furthermore, Carrillo et al. (2019) argued that the flat postyield nature
of the WWM response hinders the propagation of plasticity through the cracking of RC
members.
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In actual buildings, the dowels used to lap splice the electrowelded mesh generally
have ductile or moderately ductile characteristics; therefore, it was necessary to apply heat
treatment to the fragile 4 mm steel wires that were used as scaled dowels to represent the
actual reinforcement used at construction sites. After several iterations of heat treatment,
the average yield strength obtained was 590 MPa, and the maximum average strength was
636 MPa. The average rupture strain was 8.9%. The entire wall was cast in a single pour
in a horizontal position. After reaching the specified concrete strength, the specimen was
transported and installed in the laboratory.

2.2 Test setup and instrumentation

A constant vertical load was applied to the top slab using a hollow hydraulic jack and a ver-
tical rod anchored to the foundation (see Fig. 4a). A 500 kN actuator attached to a braced
steel frame applied a lateral load parallel to the web (EW direction) at the location of the
transfer beam at 2.72 m from the wall-foundation interface. Two 700 kN actuators were
attached between the reaction wall and the transfer beam, and lateral force was applied par-
allel to the flanges (in the NS direction) 2.62 m from the foundation to avoid interference
between the attached bolts. This distribution of the actuators allowed the bidirectional load
to be applied and the torsional response of the wall to be restrained.

A total of 59 sensors were used to measure displacements and deformations at differ-
ent key locations of the wall, in addition to 7 sensors used to control the displacement
and forces applied by the hydraulic actuators. The first floor of the wall was monitored
using seven vertically distributed potentiometers at each of the four edges of the wall to
record the axial deformation distribution there (see Fig. 4b). Six string potentiometers were
connected from a reference pole to the free edges of the flanges to measure out-of-plane
deformations during NS load cycles, with three sensors each on the west and east flanges.
Sliding potentiometers were located at both the flanges and the web at the wall-foundation
interface. A sensor array of two diagonal and two vertical potentiometers was also installed
on the first floor at both the flanges and the web to measure the shear deformations. A
single vertical potentiometer along the four edges was located on the second floor to cap-
ture axial deformations at that height. In addition to the sensors, the first story of the east
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Fig.4 Test set up for the bidirectional test (left) and instrumentation (right)

face of the specimen was prepared with a speckle pattern to capture the cracking evolution
through digital image correlation (DIC).

2.3 Loading protocol

The loading protocol included a combination of unidirectional and bidirectional cycles
aimed at evaluating the displacement capacity of the wall at various loading angles. The
wall was continuously subjected to a vertical load of 250 kN. The maximum displacement
of the cycles (and corresponding drifts) were 1.0 mm (0.04%), 2.8 mm (0.12%), 5.6 mm
(0.23%),8.4 mm (0.35%), 11.3 mm (0.47%), 17.0 mm (0.70%), 22.6 mm (0.93%), 28.5 mm
(1.18%), 34 mm (1.40%) (see Fig. 5). For each predefined displacement limit, the protocol

E G

N /

— = =Flange Parallel
Web Parallel

av
v

-~ BE
8 North

WAAAND
RRARERS

Step

H

Lateral displacement (mm)

Fig.5 Loading protocol. Directions and multidirectional pattern (left) and applied displacement history
(right)
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began with two cycles applied parallel to the flanges (AB, corresponding to the NS direc-
tion), followed by another two cycles applied along the web (CD, corresponding to the
EW direction). After reaching a roof drift of 0.23%, the regimen progressed to include one
cycle along each diagonal (EF and GH). The hypotenuse of the horizontal displacements
in the AB and CD directions determined the diagonal displacement magnitude. The cycles
intentionally induced tensile strains on the flange edges, aiming to induce elongation of the
steel at these locations before inducing compressive deformations during the cycle rever-
sal. This is a critical case, as this condition may trigger lateral instability of the slender
walls (Rosso et al. 2016).

3 Measured response
3.1 Cracking pattern

Figure 6, which presents the vertical strain field (e,,) on the bottom (first story) of the east
flange across different loading directions at the peak of the cycles just before the initial
evidence of concrete cover spalling was observed. Due to space constrains in the lab, it
was not possible to install additional cameras to do the same for the west flange and for
the web. The sequence was processed using the DIC technique (Suton et al., 2009). This
technique maps surface strain by comparing successive digital photographs of a specimen
under stress to effectively visualize the emergence and spread of cracks. The visualization
traces of strain development through color gradations, where cold colors represent com-
pressive strains and warm colors indicate tensile strains. These chromatic cues provide a
clear delineation of the crack patterns across the first story panel. Notably, zones exhibiting
high compressive strains appear in dark blue and magenta, while large cracking demand
appears red, particularly absent in direction C (toward the east flange) due to the compres-
sion in the panel.

For all the sides of the wall, there was a gradual increase in cracking spreading as the
drift increased, resulting in a well-distributed crack pattern that spread from the wall-foun-
dation interface to the upper section of the second floor, as shown in the DIC for the first
story panel in Fig. 6 and in the cracks distribution images at the end of the test in Fig. 7.
This behavior confirms the benefits of additional ductile reinforcement at the wall edges, as
first observed by Blandon et al. (2018) in rectangular walls with similar reinforcement. One
characteristic feature of the crack distribution around the three sides of the wall was a base
crack with a width slightly larger than the web cracks in the wall (see Fig. 6 for directions
A, B, D, E and G).

For directions A and B, the flanges presented an approximately 45° slope cracking path,
extending downwards from the web side towards the toe of the flange side, for the loading
cycles imposing tension on the web (Fig. 6 direction B). For the loading cycles impos-
ing compression on the web (Fig. 6 direction A), the angle of the cracks was between 30
and 40°, opening initially at the free side of the flange and extending toward the toe of the
flange-web intersection. This difference in the crack angle was associated with the larger
neutral axis during the cycles that induced compression on the flange toe and tension on
the web during the parallel flange cycles (NS direction). At the wall-foundation interface,
the sensors captured a maximum aperture of approximately 10 mm at the flange toe and
1.6 mm at the web-flange intersection toe for the flange parallel cycles (NS direction).
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Fig.6 DIC measurements at the east flange. Vertical strain field (e,,) at peak displacement for cycles before
the first concrete crushing (top). Vertical strain profiles measured over a 300 mm gage length from the wall/
foundation interface at peak displacement before the onset of concrete crushing: a load direction B; b load
direction C; d load direction E; d load direction H

Above this location, the maximum measured crack along the flange was 0.6 mm, and along
the web was 0.8 mm.

For directions D and G the east flange exhibit crack patterns extending horizontally
across the face which is consistent with the observed face under tension. On the web
(not shown in the DIC), the inclined cracks had a slope of 45° approximately and were
spaced every 0.12 m on average. Horizontal cracks due to flange parallel tensile cycles
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East flange South web and east flange West flange

Fig.7 Wall failure at end of test

were distributed along the height, with the largest cracks occurring at three different loca-
tions, namely, the wall foundation interface, 200 mm from the interface and approximately
600 mm from the interface.

In directions B and H, the cracking patterns are notably steep and inclined, with signifi-
cant compressive strains observed at the base, particularly at the edge of the flange. These
compressive patches extend vertically for approximately five times the thickness of the
wall, with a higher concentration in the lower half. Direction F presents a cracking pattern
akin to B and H, albeit with somewhat relieved compressive strain, as this direction favors
tensile strain development on the observed face. Direction C stands out as an exception,
showing no visible cracking due to the face being under compression.

Direction E reveals a concentrated compressive patch spanning approximately 3¢, (hori-
zontally) by 3t,, (vertically) at the bottom left corner, where the flange and web converge.
Notably, the compressive strain demand at the web-edge interface is greater for direction E
than for direction A, as part of the west flange steel is also excited in tension for the former.

Vertical strain profiles are worth studying to understand the extent of the compressive
strain demand along the flange length. Compressive strains are of interest because con-
crete crushing is likely and may lead to a sudden loss of lateral load resistance in RC thin
walls (Arteta and Moehle 2023). This is because special detailing for boundary regions is
lacking due to thickness constraints; hence, limit strains for plain concrete may command
the response. Figure 6 a—d show the vertical strain profile along the flange length at the
same instants described for Fig. 6 (top). Only the directions where compressive strains are
induced at the bottom of the first story of the east face are considered. The average strains
are estimated from the DIC data and are measured over a gage length of 300 mm (5¢,,)
from the wall/foundation interface. Observations from these figures are as follows:

e Dir-B shows a strain profile for the loading direction that engages in tension in both
the web and the web/flange interface ductile additional reinforcement. The relatively
shallow neutral axis depth at 23% of the flange length is contrasted by limited tensile
strains on the opposite side due to the nonlinearity of the strain profile. Note the diver-
gence of this strain profile with the generally accepted Euler-Bernulli assumption of
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linear deformation profile used for structural design. The strain profile in Dir-B shows
an approximately constant vertical strain around the central section of the web and a
rapid increase of the tensile strains toward the web-flange connection, which are char-
acteristic of the shear lag phenomenon for non-rectangular elements.

Dir-C shows a strain profile under pure compression, as anticipated.

Dir-E and Dir-H exhibit a deep compression block within the range of 36-47% of 1w.
This suggests that diagonal loading engages a more substantial portion of the longitu-
dinal steel compared to the nondiagonal (NS) direction, leading to greater compressive
strain demands.

3.2 Failure mode

The damage that caused failure initially appeared as concrete spalling at the toe of both
flanges during the load step that induced compression at this location for a 0.7% lateral
drift. The damage increased, reaching concrete compressive crushing and exposure of the
longitudinal bar during the second 0.93% drift cycle. During this cycle, there was evidence
of fracture of the 4 mm steel connecting the foundation to the wall when the flanges were
subjected to tension and concrete spalling at the toe of the flange-web intersections. The
9.5 mm (#3) longitudinal bars at the edges buckled during the following cycles, along the
crushed concrete regions of approximately 160 mm at the toe of both flanges; however,
they did not fracture. Failure, defined as a force reduction below 80% of the maximum lat-
eral strength, occurred during the second cycle of the 1.18% lateral drift. Further concrete
crushing and reinforcement exposure occurred at the flange-web bottom corner edge dur-
ing this drift. The buckling of the exposed longitudinal reinforcement at the crushed flange
toe was evident and increased during each lateral drift increment. The total failure of the
specimen occurred at a lateral drift close to 1.4% due to a sudden rupture of the west flange
during a diagonal cycle in the northwest direction — from E to F- (see Fig. 7). This cycle
induced combined out-of-plane shear—compression failure in this flange.

3.3 Hysteretic response

The hysteresis cycles are presented for each of the load directions in Fig. 8, where the drift
was calculated as the ratio of the lateral displacement measured at the location of the sen-
sors and the height of these sensors to the wall-foundation interface. The cyclic response of
the walls showed stable hysteretic cycles with negligible strength degradation up to the first
1.18% drift for the cycles in the NS direction (parallel to the flanges). During the second
cycle of the 1.18% drift, for the cycles parallel to the flanges (NS direction) and inducing
compression in the flanges, severe strength degradation close to 25% of the peak load was
associated with extensive crushing of the concrete at the flange toe, and buckling of the
longitudinal reinforcement at the same location was observed (see Fig. 8a). The cycles also
showed slight pinching, which was more evident in the direction of loading parallel to the
web (EW direction) (see Fig. 8b). The maximum lateral load capacity occurred during the
flange parallel cycles (NS direction) for a flange compression step of the cycle, which is
consistent with the reinforcement distribution and the amount of steel in tension.

The forces in the diagonal direction were obtained as the squared root of the sum of
the squares of the EW and NS force components and the direction of the resultant force
was verified based on the direction of the force applied by the actuators. The maximum
strengths along the NW (toward the F) and NE (toward the H) diagonal are similar, which
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Fig. 8 Hysteresis cycles for the tested wall

is also the case for the SW (toward the G) and SE (toward the E) diagonal. The strength
degradation is evident after the concrete crushed at the flange toes during the previous
flange parallel 1.18% lateral drift cycles (NS direction). The failure occurred during the
first 1.4% lateral drift cycle in the NW direction, when the west flange was in compression,
after reaching this drift in the EW direction. There is a slight strength degradation just after
the 0.93% lateral drift, which is associated with the initial damage of the concrete and the
rupture of some of the 4 mm steel bars. This degradation gradually continued for all load-
ing directions, as concrete crushing was evident at the four corners of the wall until com-
plete fracture of the west flange occurred during the 1.4% drift cycle in the NW direction.

3.4 Strain and curvatures analysis

The strains and curvatures were calculated to analyze the deformation distribution in
the wall using measurements from potentiometers installed at the four corners of the
wall. The estimation was carried out for lateral drifts, which provided reliable data for
the calculations. Figures 9 and 10 show the curvatures obtained for different drift levels
and load directions, where the red bars correspond to discrete measurements at vari-
ous points along the height of the wall at the locations of the potentiometers shown
in Fig. 4b. The blue bar was obtained by measuring the average strain over the entire
height of the first floor of the specimen using a potentiometer with one edge anchored
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just above the wall-foundation interface and the other edge anchored just below the
intermediate slab. The curvatures were calculated as the ratio between the sum of the
unit deformations at the ends of each element (web and flanges) and the horizontal sepa-
ration between the potentiometers.

Figure 9 shows the maximum curvature for the web parallel cycle; for lateral drifts of
0.35% and 0.47%, as for larger drifts, some sensors did not record reliable data, and this
parameter could not be computed. Even if the curvature distribution is not symmetric in
the two directions of loading, the curvature distribution shows how inelasticity distrib-
utes along the first floor, up to a height of 600 mm for the east flange compression step
(lateral load toward the east) and up to 875 mm for the west flange compression step
(lateral load toward the west) for the 0.47% drift.

To evaluate the level of deformation that the wall achieved, the elastic curvature of
the wall was calculated using Eq. 1 proposed by Sullivan et al. (2012):

€y
@, = KlL—f (1)

where Ki is equal to 1.4 and 1.8 for the web and flange under compression, respectively, for
flange parallel cycles (NS direction) and Ki is equal to 1.4 for web parallel cycles. €, is the
yield strain of the steel (0.00228), and L is the length of the flange.

The distributions of the curvatures obtained experimentally are shown in Figs. 9 and 10.
The yield curvature and a theoretical linear curvature distribution profile are also included
for comparison. The average strains do not reach the theoretical yield curvature (solid line);
however, at the local level, there are several locations along the first floor that exceed this
yield curvature. It is also clear that the actual local curvature distribution at the first floor
diverges significantly from the theoretical curvature distribution (dashed line), in particu-
lar at the lowest section of the wall. This may be partly associated to the lap splice in the
lowest 300 mm sections, which nearly doubles the reinforcement ratio when compared to
the wall section above 300 mm from the foundation. This increase in reinforcement ratio
enhances the stiffness at this location and induces cracking in higher sections of the wall.

The curvature distribution and its evolution for the cycles parallel to the flange for
0.35%, 0.47% and 0.93% lateral drift are illustrated in Fig. 10. The average curvature
was calculated along the entire height of the first floor of the specimen and is repre-
sented by a blue bar. The plots show that the average curvature at 0.47% drift was larger
than the yield curvature estimated by Eq. 1. However, local measurements of the curva-
ture distribution along the wall height revealed significant differences; for instance, the
curvature during the web compression step exceeded that during the flange compression
step. Additionally, the local curvatures are approximately twice the average, reaching
values of 10/km and 7/km during the 0.93% lateral drift cycle for the web and flange
compression, respectively. The distribution of localized curvatures (red bars) along the
first floor during this loading step can be used to estimate the region where the rein-
forcement yielded. Figure 10 shows that at a 0.93% drift, the theoretical yield curvature
(solid line) was exceeded for most sections along the lowest 925 mm of the wall, along
both flanges and in both loading directions. For the load condition inducing compres-
sion on the web, the sensors on the west flange indicate that the yield curvature for
0.93% drift was also exceeded up to 1100 mm from the wall-foundation interface, cov-
ering almost the entire height of the first level of the specimen, up to the intermediate
slab. It was not possible to define if the propagation of inelasticity continued above the
slab as there was not localized instrumentation around that section.
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Localized curvatures were not obtained for larger drifts because cracking propagation
and concrete crushing resulted in the loss of anchorage of several sensors. However, based
on the observed cracks at the end of the test, it is likely that the nonlinear response propa-
gated further up both flanges and the web.

3.5 Deformation components

The contributions of shear, sliding and flexural deformation to the total displacement were
assessed to explain the failure mode of the wall. Sliding deformation was directly measured
from sensors at the wall-foundation interface, while flexure deformations were obtained
using the rotations evaluated from the vertical displacement sensors located at the four cor-
ners of the wall. The shear deformations (A,) were computed according to the method pro-
posed by Haraishi (1984), which is defined according to Eq. 2.

I
A, = Fi[(dwz)z_ (d+6,)°] = (n=0.50(h)h, o)
00()d
_ Lood 3
0(h;)h;

where [? is the width of the shear panel, d is the original diagonal length where the inclined
sensors are installed in the panel, 6, and 6, are the elongation/shortening of the measured
diagonal, H(hi) is the difference in the rotations at the top and bottom of the panel of height,
and /; and are measures of the variation in the curvature over the height of the panel.

The contributions of each of the components to the total displacement, as a fraction of
the total displacement, are shown in Figs. 11 and 12. The flexure contribution was esti-
mated using both the localized strains on the same floor and the average strains on the first
floor. The former is represented in the plots in columns numbered 1, and the latter is repre-
sented in columns numbered 2.

The contributions of the deformation components for the flange parallel cycles (NS
direction) are shown in Fig. 11 for lateral drift levels of 0.35%, 0.47% and 0.93% and for
the instant of maximum displacement when these cycles impose compression on the web
and for the instant when the cycles impose compression on the flange. The contributions
were calculated individually based on the measurements of the sensors located at the east
flange and at the west flange. In all cases, the flexure contribution is larger for the case of
the average strain calculated with the average strains than that computed with the localized
strains. This is probably related to unaccounted strains at each sensor location due to acci-
dental movement of the anchorages of the sensors.

The shear-to- flexure displacement ratios (A,/Ay)where obtained for the flange paral-
lel cycles, resulting in average values from both flanges of 0.19, 0.25 and 0.28 for 0.35%,
0.47% and 0.93% lateral drifts, respectively, in the flange compressive direction. For the
web compressive directions, the ratios obtained were 0.32, 0.45 and 0.35 for the same cor-
responding drifts. The larger A /A ratios for the web compression load direction compared
to the flange compression direction coincide with previously reported trends by Beyer
et al. (2011). The low variation of the A,/ Afratios ratio as a function of lateral drift is
also another trend reported in the same reference. However, the values of the A /A ratios
obtained for the U-wall tested are larger than those reported by Beyer, probably in part
due to the specific characteristics of the U-wall reported in this paper, such as its reduced
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Fig. 11 Deformation components for flange parallel cycles (NS direction) at 0.35% (left column),0.47%
(middle column) and 0.93% drift (right column). For each plot, column 1 corresponds to the flexure con-
tribution calculated from localized strains, and column 2 corresponds to the flexure contribution calculated
from the average strains.

thickness and the absence of confined boundaries. Additional studies would have to be car-
ried out to increase the data about this parameter.

For the web parallel cycles, the contributions were calculated for 0.35% and 0.47% lat-
eral drifts (see Fig. 12) using the sensors located at the wall web. The contribution of the
flexure component is also larger from the average strains than from the localized strains,
and the shear deformation has a significantly larger contribution as the shear stresses in the
web are significantly larger than the maximum stresses in the flanges. Sliding deformation
is negligible, and the rotation contributions are not as large as those for the flange parallel
cycles.

3.6 Equivalent plastic hinge length

The equivalent plastic hinge length is a key concept for structural performance-based
design and there are several references with equations used to predict this parameter for
C-shaped walls (Priestley et al 2007; Constantin 2016; Hoult et al 2018). The test data
was used to estimate this parameter for the 0.93% cycle, which is the largest amplitude
cycle with reliable information, as several sensors moved or detached from the wall due
to cracking for larger amplitude cycles. The procedure to obtain the equivalent plastic
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Fig. 12 Deformation components for web parallel cycles (EW direction) at 0.35% and 0.47% drift

hinge is described in Eq. 4-7, using a total displacement (A,) of 22.6 mm for the 0.95%
drift cycle. The yield displacement (A,)was obtained as 6.45 mm, according to Eq. 6
from Priestley et al (2007) where @, is the yield curvature and equal t02.45¢7% /mm. H,
is the effective height of the cantilever wall (2620 mm) and H,, is the roof height of the
cantilever wall, estimated asH, ~ H,/0.7 = 3743mm. The yield curvature was obtained
according to Eq. 6 where K] is a shape factor depending on the geometry of the section.
A value of 1.4 is recommended for C-shaped walls. £, is the expected yield strain for the
steel (0.00228) and L,, is the wall dimension un the direction for which the displacement
is being computed (1300 mm). The plastic hinge (L,) was obtained from Eq. 7, based
on the plastic displacement (Ap = 16.15mm) and the maximum curvature(@,), which in
this case was obtained using recordings from the sensors placed along the lowest 50 mm
section of the wall (See Table 2). The equation considers the relative contribution of
the shear deformations (A;) with respect to the flexural deformations(A;)(Hoult,2022),
which could be computed from the instrumentation. According to the instrumentation of
the tested wall, the ratio (A;/A;) was computed as 0.36 for the case when the web was
under compression and 0.28 for the case when the flange was in compression. Based on
these results, the equivalent plastic hinge estimated was estimated as L,=144 mm for
the web compression cycles and L, =112 mm for the flange compression cycles.

Table 2 Maximum recorded curvatures for the 0.93% drift cycles

@, =3.4% 1073 Jmm based on the maximum measured curvature along the first 50 mm at the bottom of
the wall for compressed web cycle

@, =45 10~%/mm based on the maximum measured curvature along the first 50 mm at the bottom of
the wall for compressed flange cycle
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A=4,+4, “)
ﬂy 2 He
A= <1 - 3Hn) )
_ Klgsy
g, = ? (6)
AS
A, :Lp(ﬂ”—ﬂy)He<1 + A—f) 7

The equivalent plastic hinge was also calculated using the common equation of 0.5 L,
which resulted in L,=650 mm. Eq. 8, recommended by Priestley et al (2007), was also
used to obtain the plastic hinge length, where Ly, is the contribution of strain penetration
to the plastic hinge, f, is the yield strenght of the reinforcement and d,, is the diameter
of the reinforcement bars, results in L,=431 mm. Equation 9, proposed by Constantin
(2016), results in a L, =260 mm for the flange compression cycle and L,=215 mm for the
web compression cycle. In this equation 7 is the average shear stress, which was computed
using the maximum shear force during test and from the cross-section area, and ALR is the
axial load ratio applied to the wall (4.4%). Finally, Eq. 1, which was proposed for lightly
reinforced concrete U-shaped walls (Hoult, 2018), results in Lp=78 mm.

L,=KH,+0.1L,+Lj,

)
Where L, = 0.0022 « 1.1x f * d,,
L, = |0.05H, + 0.05L, T (1 4+ 4ALR) 9
' l <o.wf7)] ®
L, = (0.1L, - 0.013H,)(1 — 13ALR)(7¢""*) < 0.5L,,
Where v = —+ (10)
0.17/(FL)

Based on the equivalent plastic hinge calculated from sensor data and the proposed
equations, it is evident that the experimental data aligns well with the proposed equations
for U-shaped walls. Notably, commonly used equations, such as the 0.5 L,, simplification
and the equation by Priestley (2007), tend to significantly overestimate the plastic hinge.
The results are somewhere in the middle between the equation by Constantin (2016) and
Hoult (2018).

3.7 Stiffness degradation
The stiffness deterioration was evaluated using the initial stiffness measured during the

first load cycle at 0.04% drift in each loading direction as a reference. The tested specimen
exhibited rapid stiffness degradation, as the stiffness decreased by 50% of the initial value
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at only 0.18% lateral drift in the EW direction. For the NS direction, the same occurred
for the web compression cycles. For flange compression cycles, the drift for this stiffness
reduction was 0.3%, showing a slightly lower reduction rate compared to the opposite
direction (see Fig. 13a). In the diagonal directions, the reduction also occurred rapidly at
low drifts; however, the values of stiffness deterioration in Fig. 13b are not comparable to
the values reported for the principal directions, as the load protocol considered applying
diagonal cycles after yielding of the reinforcement during the flange parallel (AB) cycles
and web parallel (CD) cycles.

4 Numerical modeling

A numerical model was calibrated to evaluate its accuracy in estimating key engineering
parameters simultaneously at the global and local levels, which has been a long-established
challenge for the earthquake engineering community. The beam-truss type model approach
has been successfully used for different types of walls, including U-shaped walls (Lu and
Panagiotou 2014), and it is commonly used in both engineering design and assessment
practice (Kolozvari et al. 2018; Arteta et al. 2019). For thin walls, several studies have
modeled these elements using various techniques to capture their characteristic features,
such as the use of a single layer of reinforcement, out-of-plane response, and low-ductility
steel (Alvarez et al., 2020; Arroyo et al. 2021; Rosso et al. 2022; Carrillo et al. 2022). The
studies by Alvarez et al. (2020) and Carrillo et al (2022) use the beam-truss approach and
obtained satisfactory results for the global response. The same approach based on beam-
truss models was implemented in Seismostruct (2016) U-shaped cross-sectional geometry,
obtaining a high degree of accuracy (Hoult et al 2023a, b).

The model consists of displacement-based frame elements to represent vertical and
horizontal steel-rebar reinforced sections and concrete-only diagonal truss elements, as
shown in Fig. 14. The steel reinforcement of the wall was distributed among the 18 verti-
cal elements, and the 13 horizontal elements characterized the steel as closely as possible
to the transverse section, as shown in Fig. 2b. As there are no confined section regions
in the wall, the unconfined concrete model by Kent, Scott and Park (1971), together with
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Fig. 13 Stiffness degradation under cyclic loading. a web parallel and flange parallel cycles. b diagonal
cycles
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Fig. 14 Beam truss model of the tested wall

cyclic rules according to Karsan and Jirsa (1969), was used for the frames and the truss
elements. The steel was represented with the model proposed by Giuffre-Menegotto-Pinto
(Filippou et al. 1983). The material properties were defined using the measured values (see
Sect. 2.1). The element geometries, namely, the vertical and horizontal beam elements and
the diagonal truss elements, were defined following the recommendations of Lu, Panagio-
tou and Koutromanos (2014). Due to the differences in the reinforcement distribution, hori-
zontal steel ratios and shear strength between the direction parallel to the flanges and the
direction parallel to the web, the geometry was adjusted to achieve a strut angle (6,) of

approximately 50° for the flanges and close to 45° for the web, according to the same rec-
ommendations and described in Eq. 2.

v
0, =tan ' | —2<— | <65°
, = tan <fytl’ztwd) < (11)

where v,,,, is the maximum resisted lateral force, f,, is the yield strength of the transverse
reinforcement, p, is the transverse reinforcement ratio, ¢,, is the thickness of the wall and d
is the distance between the outer vertical edges of the model in the direction of loading.

The intermediate slab was included using a rigid diaphragm constraint, the effect of the
top slab was introduced by applying the same displacement history to all nodes at the top,
and the foundation was represented by fixing the nodes at the base. A static time-history
analysis was carried out, applying the entire multidirectional loading protocol. This model
does not include other more refined details, such as the reduction of the strut capacity in
terms of the axial strut deformation or buckling of the steel.
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The lateral force versus displacement obtained from the numerical model and the exper-
imental test for all the directions are shown in Fig. 15. In general, the estimation from the
numerical model is consistent with the experimental results in terms of the maximum force
for all directions. The numerical model stopped when it was not possible to reach conver-
gence during a flange parallel cycle (NS direction) at a displacement similar to the actual
failure of the test unit (see Fig. 15a) due to the crushing of the flange bottom edges. In
the experimental tests, cycles reached larger displacements as the load protocol continued
during the test to observe other failure modes; however, these were not represented by the
numerical model.

The numerical model also showed significant differences for the initial cycles of the
diagonal loading stages for the direction that induced compression at the flanges. Fig-
ure 15c and d show that for these diagonal loads, the model overestimated the capacity in
both the SW—NE and SE—NW directions.

The model tends to underestimate the initial stiffness of the wall, as the experimental-
to-numerical ratio in Fig. 16 shows values larger than 1 for the initial cycles. This could
be related to the type of concrete model used because it has no tensile capacity. Other
material options available in the library of the software were used in previous configu-
rations of the model to include the tensile strength of the concrete for the vertical and
horizontal beam elements. When using the tensile concrete strength, the match between
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Fig. 15 Experimental vs numerical global comparison for the u-shaped wall tested. a hysteresis cycles for
loading parallel to the flanges. b hysteresis cycles for loading parallel to the web. ¢ hysteresis cycles for
diagonal loading in the SW_NE direction. d hysteresis cycles for diagonal loading in the SE_NW direction
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the experimental and numerical hysteresis response is slightly improved for these initial
cycles; however, when using a concrete with a trilinear envelope with no confinement and
with tensile strength capacity, it was not possible to reach convergence for drifts larger than
0.5%. A second alternative, which used a Mander type of concrete with no confinement
(Mander et al 1988), did not manage to capture the failure of the wall that occurred due to
the crushing of the concrete at the flange toes. Additionally, a significantly larger displace-
ment capacity was estimated from that option compared to the final alternative used, as the
Mander concrete model has a strain capacity larger than that of concrete models that do not
have the alternative of modeling confinement.

From a global point of view, for the numerical hysteresis cycles for the cycles below
0.96% lateral drift, corresponding to 22 mm in the flange parallel loading (NS direction),
the energy dissipated is lower than the energy dissipated experimentally (see Fig. 17a), and
the same occurs in the web parallel loading cycles (EW direction) for lateral drifts below
0.7%, corresponding to 18 mm of lateral displacement. For larger drifts, the model over-
estimates the experimental energy dissipation. However, for the web parallel cycles, the
maximum overestimation was only 13%, which occurred at the instant of failure, while for
the web parallel cycle, the maximum overestimation was 35%.
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Fig. 17 Experimental vs numerical comparison of the dissipated energy
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An attempt was carried out to calibrate fiber-based models with the experimental results
for the flange parallel cycles. The models consisted of a cantilever stick and a U-shaped
transverse section with 600 fibers. The first model used a single force-based (FB) element,
while the second model used displacement-based (DB) elements (see Fig. 18a). Three inte-
gration points were used for the FB element model, and the length of the element at the
base of the wall, for the DB element model, was defined as 450 mm. The values were
obtained from an iterative procedure to achieve the best possible match to the experimental
envelope.

A Hilber-Hughes-Taylor Integration scheme was employed, and the same load protocol
and software were used for the analysis. Both models utilized the same steel material as
the beam-truss model. For the concrete, a Mander model without confinement was used, as
the concrete model from the beam-truss model did not provide accurate results. The model
using DB elements (short dashed line) showed a better match to the experimental results
(long dashed line) than the model using FB elements (solid line) (See Fig. 18b).

Although the DB element model provided relatively accurate results for the maximum
forces in both directions, the fiber-based models significantly overestimated the energy dis-
sipated, initial stiffness and forces for the initial cycles.

For the analysis at the local level, the strains at the web west (WW), web east (WE) and
flange east (FE) edges of the wall were compared between the experimental test (_E) and
numerical model (_M) results. The flange west (FW) was not included because the sensors
malfunctioned. The reported strains correspond to the bottom 230 mm, which is the length
of the vertical beam elements of the model at these locations. The displacements recorded
from the sensors along that section were used to compute the average strain. Initially, for
the loading parallel to the flanges (NS direction), there is relatively good agreement of
the numerical estimation of the tensile strains for both the flanges and web edges as the
relative error decreases as the strain and lateral displacement increase (see Fig. 19a). The
compressive strains at the web are underestimated by the model, which in part could be
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Fig. 18 Fiber model of the U-shaped tested wall (right) and comparison of the experimental vs. numerical
global force vs. displacement in the flange parallel direction
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Fig. 19 Experimental vs numerical local comparison of the strain envelope at the four bottom edges of the
U-shaped tested wall. a tensile strains for the loading parallel to the flanges. b compressive strains for the
loading parallel to the flanges. ¢ tensile strains for the loading parallel to the web. d compressive strains for
the loading parallel to the web

due to the location where the strains are obtained from the model. The results reported by
the software are located at the centroid of one of the fibers, which is approximately 5 mm
inside the concrete, while for the test, the strains are located at the location of the potenti-
ometers, which was approximately 10 mm from the wall surface. As the neutral axis depth
is shallow when the web is in compression, this slight location difference may have an
appreciable impact. For the flanges, the error is even larger, and the numerical model fails
to estimate the behavior obtained from the test (see Fig. 19b).

For the cycles parallel to the web, there is a good match between the experimental and
numerical results for the tensile strains in the web; however, for the flanges, the experi-
mental strains measured are significantly smaller than the numerical strains (see Fig. 19c¢).
For compressive strains in this same direction, the numerical model does not match the
experimental strains (see Fig. 19d). as it has been the case for similar numerical models
previously reported by Hoult (2023a).

5 Conclusions

Reinforced concrete (RC) structural walls with nonrectangular geometries are widely used
as part of structural systems in seismic prone areas, and in some regions, these walls have
particular characteristics such as thicknesses between 100 and 150 mm, no boundary con-
fined elements and fragile electrowelded wire mesh as part of the vertical and transverse
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reinforcement. This document presents experimental and numerical findings of a half-scale
U-shaped thin concrete wall reinforced with electrowelded wire mesh and subjected to
multidirectional loading.

The experimental results indicated that the 4 mm wires at the foundation-wall interface
fractured due to drifts close to 1%, and there was buckling of the bars at the flange toes.
Despite the evidence of significant cracking, the electrowelded steel did not rupture. The
displacement capacity of the wall was significantly limited due to the failure associated
with concrete crushing at the flange toes for the 1.18% drift cycles. Based on the limited
drift and the impossibility of adding confinement to the edges due to geometrical con-
straints, these types of walls would only be feasible in seismic regions if the strains at the
flanges are below the crushing strains, which would require that the drifts under the seis-
mic demands are kept low by using a stiff structural system with a high density of walls.

Loading in the diagonal direction resulted in fragile failure for a cycle inducing com-
pression on a flange toe at 1.4% lateral drift; however, this direction did not result in the
failure of the wall, as occurred during a previous drift for flange parallel loading, when the
cycles induced compression in the flange toes.

The strain distribution indicates that inelasticity propagates primarily along the lowest
900 mm section of the first level of the element. The largest deformations occurred at the
foundation-wall interface and approximately 400 mm above this level, corresponding to
the location where the 4 mm reinforcement from the foundation, splicing the electrowelded
wire mesh, was fractured. As fracture at the wall-foundation occurred, it would be recom-
mended to increase the steel ratio along the flanges to increase the spread of cracking and
improve the wall performance by preventing steel fracture and crack concentration. Further
research will be needed to evaluate the effect of the reinforcement ratio on the displace-
ment capacity for this type if element.

The stiffness decreased significantly at moderate drifts, reaching values of 30-40% of
the initial stiffness at a 0.5% lateral drift and 15-20% of the initial stiffness at approxi-
mately 1% drift. Based on these values, it is recommended to use stiffness reduction factors
below 0.4 to adjust the gross element stiffness when computing drifts from elastic numeri-
cal models in practical designs of buildings with thin U-shaped walls.

Numerical models based on the assumption of plane sections do not provide accurate
estimates of the multidirectional response of walls. The use of beam-truss models signifi-
cantly improved the estimation of the global response of the wall, even though features
such as the compressive strut capacity reduction as a function of the strut axial strain and
the buckling of steel were not considered in the model. Stiffness variation and energy dis-
sipation were also estimated with an acceptable level of accuracy, showing significantly
better results for flange-parallel than those for web-parallel cycles.

At the local level, the estimation of tensile strains is also estimated within an acceptable
range of accuracy for most of the cases, but the estimation of the concrete strains is more
difficult.

The dataset on thin U-Shaped walls is still limited and further studies will be required
to increase the information about some relevant aspects for these walls such as the effect
of the slab on the propagation of cracking, the contribution of shear deformations and the
minimum steel ratio to control bar fracture.
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