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ABSTRACT

Concrete is a highly versatile construction material thanks to its behavior and mechanical properties. However, little is known about
improving its properties through including additives in its manufacture. Concrete also has drawbacks, such as brittleness, low duc-
tility and poor flexural strength. This material is used in many parts of the structures and may be manufactured on site or prefabri-
cated, e.g. in the form of blocks. Including steel and aluminum alloy fibers in concrete would improve the ductility and flexural
strength. This study analyzed and compared the mechanical behavior of normal concrete blocks with others made with aggregates
of steel and aluminum alloy fibers. Mechanical lab tests were carried out on blocks with five, four and three layers of fibers, taking
into account the requirements of the Chilean Regulations.
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1. INTRODUCTION

The budget in construction industry has become one of the main
problems in society over the years. Currently, the increase in
knowledge due to the improvements of construction technolo-
gies and techniques has made society more demanding as re-
gards the investment in housing. This problem has become
widespread, not only at a constructive level but at a social level
in areas such as: schools, homes, buildings, bridges, tunnels,
among others.

The use of concrete in the Chilean construction industry is nota-
ble, where 52.9% of the existing structures are made with this
material. This preference is due to its high resistance, its dura-
bility over time and its moldability and being an easy-to-use ma-
terial.

The desire to improve the behavior and properties of this mate-
rial (s. XIX) has led to numerous studies and investigations. For
this reason, the introduction of additives in its manufacture has
increased in the last decade. Fibers are among the elements
most commonly incorporated in the mix (carbon fibers, glass fi-
bers, aluminum fibers, among others) in an attempt to improve
some its properties, such as its resistance, its deformation or
shrinkage.

One of the biggest problems that has not been treated in depth
is the shrinkage that generates damages such as fissures or
cracks, due to fragile concrete properties. Incorporating alumi-
num in the concrete dosage can be one of the solutions. It is
mainly used for its low weight, corrosion resistance and ductility;
however, its use is not widespread due to its high cost.
Including large amounts of this material in construction is thus
not feasible due to its high cost. However, even small amounts
of steel and aluminum alloy fibers in hollow concrete blocks im-
prove the deficient properties of the concrete without exces-
sively increasing construction costs. Since adding these fibers
when manufacturing concrete blocks can improve seismic per-
formance, the present paper studies the enhancement of the
seismic response of buildings using concrete block walls where
the concrete in the blocks is mixed with steel and aluminum fi-
bers coming from recycled metal sponges as the ones used
when cleaning dishes in any home, so contributing to sustaina-
bility, reducing costs and providing a second alternative use for
this product in building construction.

2. BACKGROUND

The use of walls in frame buildings has been one of the most
widely used solutions to improve structural capacities [1-2] in the
world of construction.

The materials mostly used in walls and in construction in general
are concrete, cement and clay, elements that have demon-
strated their effectiveness and efficiency in buildings. These ma-
terials are manufactured directly on site or are brought directly
from the factory as precast elements and can be found in greater
or lesser sizes, depending on the construction element to be
built.

For example, walls or partitions can be totally precast or made
manually with smaller elements such as blocks or bricks.

Brick or concrete blocks with thicknesses between 15 - 30 cm
have been widely used due to their functionality, good structural
behavior and speed of execution in construction [3].

However, there are deficiencies in some properties of these el-
ements and in the material itself, such as its seismic resistance
behavior, flexural-tensile stresses or shrinkage in certain cli-
matic conditions [4]. Due to this, several researchers have stud-
ied the influence of additives on these elements, in order to im-
prove the thermal [5,6], acoustic [7] and mechanical [8] proper-
ties, among others. Among the added materials is the addition
of metal or polypropylene fibers to the mixture, increasing the
load capacity [9-11], resistance to shear or ductility properties
[12]. Wood is also one of the materials used in additives to im-
prove deficient properties in cement or concrete, and has inter-
esting properties from the seismic point of view [25-27], with
good flexural and compressive strengths [28], low thermal [29],
acoustic [30], and electrical conductivities [31], providing inter-
esting seismic properties to blocks and walls [69]. From the en-
vironmental point of view [damage caused by the extraction of
raw materials and/or CO2 emissions], some mixtures have con-
sidered the addition of volcanic ash [13], wood [14], or recycled
concrete [15 —17], among others.

It has been shown that the contribution of walls in the seismic
behavior of low-height frame buildings can be beneficial [18], so
improving their seismic performance using aggregates would re-
sult in better response. However, this cannot be said for medium
and high-rise buildings, due to the great rigidity and weight that
these elements provide to the structures. To solve these prob-
lems, these elements have been replaced in high-rise buildings
by more complex ones that do not depend on these character-
istics; dissipators [19], braced frames [20], base isolators [21],
among others. Although these elements have shown good per-
formance, the complexity, cost and training required for their
placement has been affected by their massive use in structures.
For this reason, traditional walls continue to be the most widely
used solution in construction [22], with the introduction of a large
amount of steel to modify the ductile characteristics of this solu-
tion, as specified in some earthquake regulations [23-24] on me-
dium and highly ductile walls. The aim of this work is, thus, to
contribute to the study of aggregates to improve the structural
characteristics of concrete blocks and walls for buildings in seis-
mic areas using moderate amounts of steel and aluminum at a
reasonable cost in the form of recycled fibers to promote sus-
tainability.

3. MATERIALS AND METHODS USED

3.1. Considerations and Previous Calculations

The additive dosage in concrete mixes determines their final
properties (for example, resistance, ductility or workability). The
specifications of the Chilean Standard for the manufacture of
concrete and aggregates were followed to make the blocks [32,
33]. This Regulation is in line with most European or American
countries. The Chilean standard proposes carrying out different
granulometry tests for fine and coarse aggregates to determine
properties such as density and water absorption. Table 1 shows
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the values of some properties of the concrete samples made in
the laboratory of the University of Talca (Chile).

Table 1. Properties of a sample type of concrete manufactured for

the study.
Property Fine Aggre- Coarse Aggregate
gate
Real density of dry satu- 2591.20 2628.46
rated surface aggregate
lkg/m°]
Net density [kg/m®] 2745.61 2716.68
Water absorption [%] 217 1.23

Both ordinary blocks and blocks containing a certain percentage
of aluminum and steel alloy fibers were considered.

3.2. Manufacture of the blocks

The Chilean standards specify the water, cement, gravel and
sand proportions for the preparation of one m?® of concrete, as
well as the appropriate dimensions for structural use [34]. The
dimensions of the blocks are shown in Figure 1 and the values
appear in Table 2, meeting the requirements established by
Standard NCh181 [34] for a 190 mm block, suitable for structural
use.

Figure 1. Block dimensions [69]
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The blocks were labeled with two letters and a number: BOO
indicated ordinary blocks and BA "n" those with steel and alumi-
num alloy, where "n" is the number of layers added to the com-
position of the blocks.

Table 2. Dimensions of the blocks tested

Block Width High Length [p] [s] Weight
[mm] [mm]  [L][mm] [mm] [mm] [N]
BOO 191.03 188.33 390.25 25.94 32.76 159.59
BA3 190.51 189.25 389.32 26.01 32.63 149.93
BA4 190.83  190.02 390.32 25.92 32.82 146.74
BA5 191.05 189.21 189.75 25.89 32.68 143.55

The Chilean standards NCh1019 [35] and NCh1037 [36] were
also considered to make the block samples. The mixes replaced
part of the gravel with steel and aluminum alloy fibers. The con-
centrations were according to the number of layers or rows of a
certain thickness. Figure 2 shows the type of fibers used in the
different concrete layers. This type of fiber comes from the reuse

of metal sponges widely used in dish cleaning in any home. In
this way, extra life and second use is achieved for this material
contributing to a more sustainable construction. As commented
in Section 1, the choice of these metallic aggregates has been
taken in order to improve the ductile behavior of the blocks and,
therefore, of the walls made with these elements, enhancing the
structural behavior of the buildings.

Figure 2. Aluminum and steel alloy fibers used in mixtures.
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These recycled fibers from metal dish cleaning sponges are
made up of 76.16% iron, 5.13% aluminum, 9.22% silica, 0.145%
chromium, 0.075% zinc, 0.573% copper, 0.041% arsenic and
0.811% manganese.

The fibers were introduced as the concrete was vibrated in lay-
ers of 2 to 4 millimeters, which are the standard size values pro-
vided in the technical specifications for the sponges. This proce-
dure was repeated “n times” depending on the number of layers
introduced [from 3 to 5].

It should be noted that the alloy fibers reduced mix density.
Since seismic actions induce inertial forces that are proportional
to the mass of the building, reducing the weight of the structures
will improve anti-seismic behavior under the same structural
conditions.

Water absorption and the distance between particles in the ma-
terial will vary the density when the water evaporates. As the
water absorption in mixtures with these fibers was higher, they
resulted in lighter concretes. This explains the volumetric expan-
sion observed in the concrete.

Table 3 shows the percentage amounts of the materials used for
each dosage per m3 of concrete and their final densities. The
mixtures were initially made for a classification of medium weight
(1680 - 2000 kg/m3).

The blocks were poured into a metal formwork and the mixture
was left to rest for a few minutes to achieve a homogeneous
texture. Pouring was in layers (between three and five, depend-
ing on the number of fiber layers) and the mixtures were vi-
brated. Hours later, the blocks were removed from the mold and
immersed in water for 28 days for curing and subsequent homo-
geneous drying, after which mechanical strength tests were per-
formed (Figure 3).



Figure 3. Hydraulic machines used (left. Compression, right. flex-
ural strength) [69]

Table 3. Dosage used in the manufacture of concrete blocks.

Material BOO BA3 BA4 BA5
Water [%] 8.08 8.08 8.08 8.08
Cement [%] 18.33 18.33 18.33 18.33
Gravel [%] 33.96 33.82 33.77 33.72
Sand [%] 39.63 39.63 39.63 39.63
Additive [%] - 0.14 0.19 0.24
Concrete density 1701 1598 1564 1530
[kg/m?] (-6.1%) (-8.1%) (-10%)

blocks in a way closely related to the amount of fibers, with mag-
nitude as shown in Tables 4, 5 and 6.

4.1. Compressive and Flexural strength tests

The compression tests were carried out at 28 days according to
the conditions stipulated by the Chilean standard NCh 181. All
the geometrical dimensions and the average values are shown
in Table 2. The blocks were positioned so that the hydraulic jack
applied a uniform compressive load on the upper surface.
Table 4 shows the average results of the 5 samples. As ex-
pected, the samples without aggregates had the highest com-
pressive strength. The blocks lose resistance as more fibers are
added. The results of the 5-layer of fibers were discarded for
structural use due to their low resistance and not meeting the
minimum 12 MPa limit established by the Regulation [35].
Prior to testing, the 3 sample blocks were measured, plotted and
weighed. Table 4 shows the average results for compressive
and flexural strength tests carried out on the blocks.
Table 4. Average compressive (15t data row) and flexural (2™ data
row) strength of the blocks 28 days after their elaboration.

BOO BA3 BA4 BA5
[MPa] [MPa] [MPa] [MPa]

1525  13.79(-9.6%)  12.02(-21.2%)  10.08 (-33.9%)
319  352(+10.3%)  3.85(+20.7%)  4.08 (+27.9%)

4. MECHANICAL CHARACTERIZATION OF CONCRETE
BLOCKS.

Five samples of each type of block described in Table 3 were
made. The results shown in Table 3 are the average of the 5
samples tested in the laboratory of the Engineering Faculty of
the University of Talca (Chile).

In the compression and flexural strength tests the requirements
of the Chilean code NCh 181 were followed [34]. The results of
each test were represented by the capacity curves according to
displacement, compression load and flexural strength.

For the compression tests, a uniform load distribution was ap-
plied to the upper surface of the block. A layer of plastic mortar
3 mm thick and a 1 cm metal plate was added to both surfaces
to avoid measurement errors caused by possible irregularities.
For the bending tests, the center of the blocks was marked out
together with two other points 7.5 cm from the center. These
were the support points at which the loads were applied (Figure
3, right).

All the mechanical results obtained for blocks with aggregates
(BA3, BA4, BA5) have been compared to the traditional blocks
(BOO0) without any type of aggregate, using the same dosage for
their manufacture as the industrial blocks used in buildings. In
this way, the results shown in tables relative to the blocks with
recycled metallic additives will have in parentheses a percent-
age (higher or lower) related to the results of the traditional
blocks. The steel and aluminum additives modified the compres-
sion strength, flexural strength, ductility and stiffness in the

4.2. Capacity curves and ductility

Figure 4 shows the compression capacity curves [force-dis-
placement] of concrete blocks obtained according to the Chilean
standard NCh 1037 [36] 28 days after their manufacture. The
results obtained were under a constant load of 0.25 MPa/s +
0.05 MPa/s until failure.

The BAS blocks were not considered because they did not meet
the minimum resistance required by the NCh181 Standard. The
BOO blocks had 9.6% and 21.2% higher compressive strength
than the BA3 and BA4 blocks, respectively, and 33.9% higher
than BAS5. Their ductilities increased significantly with the addi-
tion of aluminum and steel alloy fibers, as shown in Table 5.
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Figure 4. Average resistance of BOO, BA3 and BA4.



Reduced stiffness of the block can be seen in the elastic zone
of the capacity curve in the blocks with added fibers due to the
low mechanical compression properties of metals with respect
to concrete. To calculate ductility, the yielding point of each
block was estimated according to the criteria in ATC-40 [37] and
FEMA P-1050-1 [38]. Table 5 shows the yielding displacement
(8p), ultimate displacement (du) and the ductility obtained as the
relationship between both deformations (u = du/dp). Ductility in
BA3 and BA4 specimens was 15% and 28% higher, respec-
tively, than in BOO specimens.

Table 5. Ductility, yielding and ultimate displacement of compres-
sion strength tests

Block Yielding dis- Ultimate dis- Ductility
placement placement (A%)
(Sp) [mm] (8u) [mm]

BOO 0.83 1.01 1.22

BA3 0.78 1.09 1.40 (+15%)

BA4 0.74 1.15 1.56 (+28%)

Table 6. Stiffness, yielding and ultimate forces of compression
strength test

Yielding and ef-

Yielding force Ultimate force

Block (Fo) [KN] (Fo) [KN] fective stiffness
° ’ [kN/mm]
BOO 533 582 642/576
BA3 405 462 519/424
BA4 315 423 426/368

The yielding and ultimate forces applied to each block as well as
its stiffness are shown in Table 6. As expected, the ordinary
blocks are more resistant than those with layers of fibers due to
the lower aggregate content in the mixes.

These results offer interesting applications in structures ex-
posed to high and/or moderate seismic forces. Although ordi-
nary concrete blocks have higher compressive strength than
blocks with aggregates (Figure 4), they are less ductile (Table
5) and heavier (Table 3), which are important aspects to con-
sider in seismic design. However, it is still necessary to analyze
how the blocks can be connected to each other and to the struc-
ture itself.

5. STRUCTURAL MODEL OF BUILDINGS USING CON-
CRETE BLOCKS WITH ALUMINUM AND STEEL ADDI-
TIVES.

This section describes the modeling of some typical frame build-
ings in countries with moderate seismic risk using static and dy-
namic nonlinear analyses. The analysis was implemented on
Seismostruct v.7.0.2 Seismosoft ® (Pavia, ltaly) [39] FE soft-
ware. This software can estimate the displacement of structures

under static and dynamic loads considering geometrical and
material non-linear behavior. Non-linear static analysis (Push-
over) was used for a representative analysis of the structural
performance of concrete blocks in buildings, plotting capacity
curves that represent the relationship between the displace-
ments on the top floor and the shear at the base of the building.
Dynamic analyses were conducted using records of a medium
intensity earthquake (described in Section 6.3).

5.1. Description of buildings

The structures analyzed were based on frame structures
[beams and columns] due to the large quantity of this structural
typology in many Latin American and European countries
[40,41]. These structures are characterized by fast execution
times and few resources, both aspects directly related to the re-
duction of construction costs.

As the structural behavior of beams and columns in frame con-
structions during earthquakes had not been satisfactory, even in
low-rise buildings, the incorporation of brick walls or concrete
blocks was necessary to mitigate the possible damage caused
[40,41].

As most European countries have adapted their national [struc-
tural] codes to European codes (Eurocodes), the Eurocode of
Structural Design [42] was considered for the design of these
buildings. This research focused on low-rise structures, and the
results obtained can thus be considered representative of a sig-
nificant percentage of existing buildings in Europe and part of
Latin America.

As shown in Figure 5, the frame structures were made up of
three 5 m x 5 m bays (X, Y). Two of these bays were filled with
block walls while the third was empty. This bay corresponded to
the openings, e.g. windows, which are considered to have null
stiffness.

The blocks and openings that made up the bay frames were lo-
cated from the bottom of the beams to the upper beam without
any anchorage to the primary structural elements except for the
reinforcements, which are placed every four lines of blocks an-
chored to the columns.

The height of each floor was 3 m, except for the ground floor,
which was 4 m. This means that the models used in the analysis
had a height of 7 and 13 m in height for the 2 and 4-story build-
ings, respectively. The configuration of the frame buildings was
regular and symmetrical in elevation and plan. The walls (2-BO,
2-BA3, 2-BA4, 4-BO, 4-BA3, 4-BA4) were on the exterior bay of
each building, corresponding to the enclosures in the directions
Xand.

The horizontal structural elements that join the columns were 30
cm wide and 40 cm high beams, while the vertical elements
were 30x30 cm columns.



Table 7. Building configuration (NW, ‘no walls’; 2- and 4-, ‘story number’)

Building

Total height Total length Beams Columns Total weight Fundamental period
[m] [m] [em?] [em?] [kN] [s]
2-NwW 7 15.5 30x40 30x30 2149 0.215
2-B0O0 7 155 30x40 30x30 2965 0.144
2-BA3 7 155 30x40 30x30 2916 0.145
2-BA4 7 15.5 30x40 30x30 2900 0.148
4 -NW 13 15.5 30x40 30x30 4298 0.42
4 -BO0 13 15.5 30x40 30x30 5931 0.27
4 -BA3 13 15.5 30x40 30x30 5832 0.28
4 - BA4 13 155 30x40 30x30 5800 0.29
in Table 2 ('NW’ means ‘no wall’). This table shows the configu-
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Figure 5. Models used in structural analysis

The continuity of the structure was achieved through reinforce-
ments (longitudinal and transversal reinforcements) in addition
to horizontal reinforcements between the blocks and the col-
umns. The design of the structural elements complied with the
requirements of the European codes.

The walls were made up of 19 cm thick blocks separated by a 1
cm thick mortar layer and with ladder-type transverse steel rein-
forcements every four rows of blocks.

The characteristics and properties of the models used in this
study are summarized in Table 7. The materials used for the
structural elements (beams and columns) were: HA-25 concrete
(fex = 25 MPa) and B-500 steel- S (fx~= 500 MPa), both materials
are defined in CTE DEB SE AE [43]

In Table 7, each structural model is denoted by a number and
two letters and a number. The first number indicates the number
of heights and the sequence of two letters and a number, the
type of block used in the filling of the walls described and defined

the selected models belong to a residential typology, adminis-
trative buildings and small businesses, with a live load on each
floor of 2 kN/m? [43], apart from the roof, which was 1 kN/m?
[43], for maintenance in areas that are not for public or private
use.

5.2. Earthquake

The medium intensity earthquake that occurred in Lorca (Spain)
in 2011, was chosen as the register for the nonlinear dynamic
analyses. Seismic vulnerability studies have become more im-
portant in some European countries such as Spain [44-45],
France [46-47] and Italy [48], with similar types of structures. Ac-
cording to the Spanish Institute of Geology and Mining, the
Lorca earthquake was one of the most destructive earthquakes
recorded in Spain, despite its moderate magnitude (Mw = 5.1).
The details and effects of this earthquake are described in detail
in [49].

5.3. Structure modeling

The 3D structure was modeled using finite beam elements [50-
51]. Each structural element [columns and beams] was individ-
ually detailed following those proposed by the Mander model for
concrete [52] and Ferrara's bilinear model [53] for steel.

The beams and columns were represented by nonlinear finite
beam elements [54], with the nonlinearities concentrated in the
plastic hinge joints at the ends, at a distance of approximately
15% of the total length of the element [50]. According to [55], the
joints/connections between the wall and the primary structural
elements are considered rigid, while the hysteretic behavior of
each in the model was represented by fiber models, based on
the properties of the material and the geometry of the structural
elements (each section was discretized with 300 fibers). Loads
were applied to the beams.



The tolerances used for displacement and rotations were in the
order of 1075 in both cases. The maximum number of iterations
was 300.

The Newmark- method [56] was used for the numerical analy-
sis. This model is based on a numerical integration method
widely used in the numerical analysis of structures. The Beta ()
and Gamma (y) factors used in these analyzes are coefficients
that depend on the natural frequency (w) and the damping (<)
of the structures. For this work, the values  =0.25and y = 0.5
were used, as they make the system implicit and stable [57]. The
Rayleigh model was considered with 4% (mode 1) and 6%
(mode 2) [58]. The complete quadratic (CQC) method was used
for the modal combination with a damping of 0.04.

For the concrete and steel failure, the default values provided by
Seismostruct were used [59-61]: concrete cracking (0.0001), de-
tachment of the concrete shell (-0.002), crushing of concrete
core (-0.002), steel creep (0.0025) and steel fracture (0.06). The
criteria referring to curvature and rotations were verified by the
Mergos and Kappos model [62] and the shear capacity estab-
lished by the EC 8.

The structural results of the different structural analysis, follow-
ing the previous prescriptions, considered the shear at the base
of the structures and the elastic and yielding displacements of
the model in the “push-over” analysis and the displacements
and absolute accelerations in the dynamic analysis.

5.4. Modeling of infill walls (concrete block walls)

The presence of infill walls considerably modifies the structural
behavior of RC structures. To model these, non-linear inelastic
behavior, mechanical properties and interaction with the struc-
ture are considered [63]. Many techniques can be used for this.
In this work, the Crisafulli et al. model was implemented [64-66]
on Seismosoft® software. The criterion considered for the se-
lection of the model was its good results in the panel-structure
interaction, in relation to the computational time required by the
calculations. The model's double strut approach has been suc-
cessfully applied for predicting seismic response in multi-story
reinforced concrete frames. Crisafulli proposes a macromodel
that measures the overall response of the structures, imple-
menting a four-node "panel" element which is connected to the
frame (Figure 6).

Internally, the element panel represents separately the com-
pression and shear behavior of the masonry, with two parallel
struts and a cutting spring in each direction. This spring consid-
ers the stiffness and lateral resistance of the masonry panel
when a shear failure occurs along the mortar joints or an ex-
pected diagonal tension failure. Some geometric and mechani-
cal parameters are required to define the behavior of the ma-
sonry panel for the calibration of the model in terms of block
walls. More numerical details of this model and full explanation
of the variables involved can be found in [67-68]. The parame-
ters obtained in the laboratory tests by direct or indirect meas-
urements are given in Table 8.

Figure 6. Infill wall model [69]
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Table 8. Numerical values of geometry and mechanical behavior ob-
tained in the laboratory

Units BOO BA3 BA4
t [mm] 191 191 191
A+ [mm?] 276970.21 276970.21 276970.21
d [mm] 5830.95 5830.95 5830.95
bw [mm] 1457.74 1457.74 1457.74
Eb [N/mm?] 7165 6945 6335
b [mm] 192 192 192
j [mm] 10 10 10
Em IN/Mm?| 7229 6944 6364
hw [mm] 3000 3000 3000
E; IN/mm?] 40696 40696 40696
h [mm] 3400 3400 3400
f [MPa] 3.19 3.52 3.85
fmo [MPa] 15.25 13.79 12.02
Tmax [MPa] 2.89 2.81 2.71
Yo [KN/m?] 13.32 13.04 12.68
z[mm] 852.81 1055.68 1087.43
1 0.00180 0.00149 0.00144
o1 30.96 30.96 30.96
lo [mm?] 67566 67566 675¢6

6. BUILDING PERFORMANCE

The different structural design codes specify different proce-
dures for a seismic building analysis.

The calculations were conducted according to two standards us-
ing a) regular methods, b) a more advanced static non-linear
analysis (push-over) and c) dynamic nonlinear analysis and their
responses were compared.



6.1. Analyses according to Standards

In this case, the Chilean (NCh433) and European (EC-8) Regu-
lations were considered using an average soil type (type C) and
ground acceleration a» = 0.4g to obtain the seismic forces, the
displacement at the top of the frame and the base shear.

The results in Tables 10 and 11 show the shear at the base of
the frame [kN], the displacements at the top [m] and their varia-
tions [%] between both Standards, respectively. The results
show differences between the two Regulations, which were
more significant with increasing height. Regardless of the walls,
the results of the EC-8 Standard are more demanding than
those of NCh433, as is in all cases of the 4-story building.
Considering walls in buildings significantly reduces the displace-
ment of the structures, while shear increases.

The addition of aluminum and steel fibers in the wall blocks of 4-
story buildings reduces shear and displacement, with little differ-
ence in 2-story buildings. This is due to the reduction of the seis-
mic forces caused by the decrease in weight of the structures,
as a result of the lower block density.

These results are compared in the following sub-section with the
static and non-linear dynamic analyses.

Table 9. Base shear of buildings (NW, ‘no walls’; 2- and 4-,

‘story number’)

Building NCh433 [kN] EC-8 [kN] A %]
2-NW 476 548 +15.12
2-BO0 869 755 1312
2-BA3 850 745 -12.35
2-BA4 840 739 -12.02
4—NW 603 653 +8.29
4-B0O0 1153 1398 +2125
4-BA3 1073 1325 +23.49
4-BA4 1040 1275 +22.60

Table 10. Displacement of buildings (NW, ‘no walls’; 2-
and 4-, ‘story number’)

Building NCh433 [m] EC-8 [m] A %]
2-NW 0.0217 0.0256 +17.97
2-BO0 0.0053 0.0045 -15.09
2-BA3 0.0054 0.0046 -14.81
2-BA4 0.0056 0.0048 -14.29
4—NW 0.063 0.069 +9.52
4-B0O0 0.021 0.032 +52.38
4-BA3 0.015 0.029 +93.33
4-BA4 0.0148 0.026 +75.68

6.2. Non-linear static analysis (Push-over)

Non-linear analysis (Push-over) calculates the maximum
resistance capacity of the structures whose dynamic response

is not significantly affected by the levels of displacement
experienced. Nonlinear static analysis is one of the four
structural performance analysis procedures built into FEMA 356
and ASCE 41.
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Figure 7. Capacity curves

The structural analyses carried out in this work for all buildings
concentrates the failures in the plastic hinge joints that appear
in the areas near to the nodes of each structural element (beams
and columns). These analyses assumed a triangular load distri-
bution pattern which increases proportionally with a factor (A)
until structural instability is reached. The control parameter used
in these analyses is based on the displacement of the top floor
nodes.

Figures 7a and 7b show the capacity curves of the models de-
scribed in Table 7, using H-25 (25 MPa) concrete, B-500-S (500
MPa) corrugated reinforced steel, and infill walls composed of
ordinary blocks and blocks with aluminum alloy and steel fibers.
These curves can evaluate the influence of ductility and re-
sistance on the structural behavior of the models.

The elastoplastic behavior of the structures is shown at the be-
ginning of each curve. Large differences were found in this part
of the plot between the block structures because this initial part
of the curve is obtained from the resistance of the most rigid



elements, i.e. the walls. However, as the applied force in-
creases, the differences are smaller in the curve for the same
load level because the same primary structural element (beams
and columns) are resisting in all the cases analyzed. During the
increase in load from 0 kN to the first peak or first plastic hinge
joint (approximately 1100 kN), the block walls alone determine
the building’s structural behavior, increasing the initial stiffness
of the structure and failing before the primary structural elements
govern the response. From then on, there is a significant reduc-
tion in structural stiffness due to the structural collapse of the
walls.

The change in the slope of the capacity curves is mainly gener-
ated by cracks in the concrete and the plasticity of the steel re-
inforcement. These effects are represented in the model by the
formation of plastic hinge joints in each element. The length of
these curves depends on the number of plastic hinge joints gen-
erated in the structural elements of the model, prior to becoming
an unstable structure.

Table 11 shows the values of yield displacement, ultimate dis-
placement and ductility for all the models analyzed. The results
show that the blocks with steel and aluminum alloy fibers provide
greater ductility to the structural systems, as in the behavior of
individual blocks. Quantitatively, the static non-linear analysis
determines that buildings with block walls including additives in-
crease their ductility by up to 10.9% and 11.2% with respect to
2 and 4 story buildings with ordinary blocks, respectively, show-
ing that increasing the fiber layers raises building ductility.
Table 12 shows the results of base shear of each case analyzed.
It can be seen that increasing aluminum and steel layers in the
blocks slightly reduces their resistance, while including walls in
buildings significantly increases the shear compared to no-wall
[NW] buildings.

Table 12. Yielding and ultimate base shear of buildings (NW, ‘no
walls’; 2- and 4-, ‘story number’)

Building Yielding base shear Ultimate base shear
[kN] [kN]

2-NW 1512 1707

2-B0O0 2697 3235

2-BA3 2643 3184

2- BA4 2620 3124

4 —NW 1515 1711

4 -BOO0 2933 3252

4 — BA3 2867 3200

4 — BA4 2767 3139

Observing Table 10 and 12, the displacements obtained from
the usual Standards’ analyses compared to the push-over anal-
yses are far from yielding.

6.3. Dynamic analysis: “Time history”

Dynamic analysis can be used to predict the nonlinear inelastic
response of a structure subjected to a seismic event. For the
calculations carried out here, the Lorca earthquake accelero-
gram (Spain 2011) was used. Interested readers can find a brief
description of the method in [40, 59]. In this work, the direct in-
tegration of the equations of motion was developed using the
well-known Newmark method [56], which introduces accelera-
tions in the supports [base of the columns] for a short time inter-
val coinciding with the seismic record. The time interval (At) in
the analysis was 0.01s from the record of the Lorca earthquake
(2011) in both directions (X, Y). As the recorded information in-
dicated that the most catastrophic accelerations were in the
North-South direction, the dynamic analysis were performed us-
ing the recording for the N-S direction. Structural damping was
represented by the Rayleigh model at a damping factor of 5%, a
value used in many studies for this type of building.

Figure 8 shows the seismic response behavior [time-history di-
agrams] of the models. These graphs show the displacements

Table 11. Ductility, yielding and ultimate displacement of buildings
(NW, ‘no walls’; 2- and 4-, ‘story number’)

Building Yielding dis- Ultimate dis- Ductility
placement [m] placement [m]

2-NwW 0.074 0.152 2.03
2-B0O0 0.045 0.066 1.46
2-BA3 0.042 0.067 1.59 (+8.9%)
2—-BA4 0.041 0.068 1.62 (+10.9%)
4 -NW 0.120 0.251 2.08

4 -BOO0 0.076 0.120 1.57

4 -BA3 0.072 0.122 1.70 (+7.9%)
4 — BA4 0.071 0.124 1.75 (+11.2%)

of the upper floor of the buildings for the Lorca seismic record.
To avoid scale effect due to one order of magnitude in the val-
ues, the displacements for the ‘no-walls’ model are not included
in the plot. It shows the ‘flexibility’ effect caused by the fiber lay-
ers, particularly 2-BA4 model, allowing larger displacements.
The graphs in Figure 9 show the absolute accelerations for each
building including ‘no-walls’ model; not big differences are found
among the models with blocks. There is stronger effect of the
number of fiber layers in buildings with 2 stories both for the dis-
placement and acceleration cases.

The values in Table 13 show the maximum displacements at the
top and the absolute accelerations of each structural model.
These results were compared with the static non-linear “Push-
over” analysis.
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Table 13. Seismic response of maximum absolute displacements
and accelerations of buildings (NW, ‘no walls’; 2- and 4-, ‘story

number’)
Building Maximum dis- Maximum absolute ac-
placement [m] celeration [m/s?]
2-NW 0.030 9.77
2-B0O0 0.0028 6.51
2-BA3 0.0044 6.74
2-BA4 0.0045 8.10
4 - NW 0.141 1212
4 -BOO0 0.040 7.55
4 -BA3 0.044 8.61
4 - BA4 0.046 12.10

Summarizing, the results obtained show that the seismic behav-
ior of the structures with added fibers in the blocks are more
flexible than structures with ordinary blocks. Because of the stiff-
ening effect provided by walls, the maximum displacements ob-
tained from the dynamic calculations show a significant reduc-
tion of one order of magnitude in buildings with walls but not so
intense in the maximum absolute acceleration. The effect of fi-
ber layers in blocks is more pronounced in 2-story buildings,
where a stiffer structure reflects better the flexibility provided by
the fiber.

7. DISCUSSION OF RESULTS

Precast concrete blocks are widely used in construction due to
their high resistance, thermal and acoustic insulation, fire re-
sistance and low moisture absorption. Seismic-prone countries
such as Japan, Chile or Turkey require additional properties
such as ductility or structural weight reduction.

The use of lighter ductile materials, such as steel and aluminum
alloy fibers in the blocks, can improve structural seismic re-
sistance.

A comprehensive study of the properties of the elements using
the proposed material was conducted, experimentally measur-
ing their mechanical properties as well as water absorption and
block density.

Throughout the study, all the registered values were compared
with the requirements established in the regulations of the Chil-
ean structural code, selected for their strict structural require-
ments valid for a large number of countries, such as the United
States (ASTM 2004), Mexico (NTC-M 2004), Spain (CTE DEB
SE F 2006) or Europe (Eurocode 6 (2005)).

The dimensions of the blocks used in this study complied with
the minimums established by NCh181 for structural use. Nine-
teen cm thick blocks were used because they are inexpensive
and widely used in construction with good results.

The density of the concrete in the ordinary blocks was classified
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as ‘medium’ (between 1680 - 2000 kg/m?) according to Standard
NCh181. However, the addition of the steel and aluminum alloy
layers in both cases changed the density of the blocks to ‘light’
according to the Standard (<1680 kg/m?), which is positive from
a seismic point of view. This reduction is obviously more signifi-
cant as the number of layers increases, as can be seen in Table
3. In numerical terms, 3, 4 and 5 layers reduce the weight of the
blocks by 6.1%, 8.1 and 10%, respectively.

On the other hand, the compressive strength of blocks with
added fibers decreases as the number of layers increases
(9.6%, 21.2% and 33.9% for 3, 4 and 5 layers, respectively). The
latter number was not tested in this study for failing to meet the
minimum structural requirements of NCh181 (12 MPa).
However, the fibers increase flexural strength and ductility. For
flexural strength these increases are 10.3% and 20.7% and for
ductility they are 15% and 28% for blocks with 3 and 4 layers,
respectively.

The results obtained from the structural models with the different
blocks by means of nonlinear static and dynamic analyses indi-
cate that ductile materials have a greater capacity to dissipate
energy during a seismic event.

The results of the static "non-linear" analysis (Push-over) of the
models that analyzed blocks with fibers showed better seismic
resistance than ordinary blocks. These models were less rigid
but more resistant, as was confirmed by the dynamic results.
The fiber blocks’ greater flexibility produced fewer brittle cracks
in the structural elements.

Comparing the results for the maximum displacements of the
non-linear static and dynamic analysis, it can be concluded that
the Lorca buildings could have been expected to behave better
during the earthquake had they been built of the blocks pro-
posed in this paper, as can be seen in the maximum displace-
ments obtained from the dynamic analyses, which in no case
exceeded the maximum displacements obtained from the ca-
pacity curves of the "push-over" analyses. All the studies carried
out, with the exception of building 4 — NW, remained in the elas-
tic state.

In the displacements caused by the seismic forces obtained
from the Standards’ analyses (EC-8 and NCh433), as expected
from the design, the elastic limit was not exceeded when com-
pared to the non-linear static analyses.

In general, the use of walls significantly reduces the absolute
acceleration and building displacement.

From the economic perspective, the introduction of steel and
aluminum alloy fibers in the composition of the blocks does not
reduce the cost of the mixture, but it does have structural bene-
fits as regards seismic resistance without excessively increasing
the building cost. In addition, the volumetric expansion of the
concrete in the blocks with added alloys helps to reduce the
amount of material used on site.

8. CONCLUSIONS
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