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Abstract.

To prevent or limit the damage caused by earthquakes on existing buildings, several retrofitting techniques are

possible. In this work, an ultra high performance concrete based on sand dune has been formulated for use in the reinforcement
of a multifunctional tower in the city of Skikda in Algeria. Tests on the formulated ultra high performance concrete are
performed to determine its characteristics. A nonlinear dynamic analysis, based on the “Pushover” method was conducted. The
analysis allowed an optimization of the width of reinforced concrete walls used in seismic strengthening. Two types of concrete
are studied, the ordinary concrete and the ultra high performance concrete. Both alternatives are compared with the
reinforcement with carbon fibers and by base isolation retrofit design.
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1. Introduction

Earthquakes strike every year in different regions of the
globe, causing human and material damage. North Africa,
particularly Algeria, is likely to be subject to strong
earthquakes (Fig. 1). Historically, among the most
significant earthquakes we can cite the earthquake of Chlef
of 1980 following which the Algerien seismic regulations
(RPA) have been established.

We can also mention the earthquake of Boumerdes
(2003), during which the structures built according to the
current standards have suffered considerable damage, thesis
showed the vulnerability of reinforced concrete (RC)
framed structures, widely used in construction in Algeria.
Since the Boumerdes earthquake, the Algerian seismic code
was reviewed, and retrofitting become necessary for older
buildings well as for recently completed buildings.

According to Mazza (2015), traditional methods for the
seismic reinforcement can be classified into two categories:
one is based on increasing strength and stiffness, by adding
new structural elements to the system (e.g., Reinforced
concrete RC shear wall) and the other is based on mass
reduction to reduce the demand.
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Fig. 1 Earthquake hazard map of the Ibero-Maghreb
region. PGA (m/S?) with 90% probability of non-
exceedance in 50 years (Jiménez et al. 1999)

Modern methods for the seismic reinforcement, based
on new techniques and materials, can be classified in three
categories; modification of damage and collapse modes of
the structure to eliminate possible sources of brittle failures,
increasing deformability at the base of the building to
reduce the transmission of the seismic loads to the
superstructure, and adding damping to reduce the seismic
demand capacity.

In Algeria, among all the available techniques, the RC
shear walls are the most used as seismic solution. But the
implementation requires is a major intervention on the
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building and therefore, the reduction of the scale of this
intervention is a priority which can only be achieved by
improving the characteristics of the used concrete.

High Performance Concrete (HPC) is a high
compressive strength concrete exceeding 50 MPa. The
UHPC (Ultra High Performance Concrete) has on even high
compressive strength which by definition exceeds 100 MPa.

The UHPC is usually used for building towers and
bridges (Konkov 2013, D’aloia et al. 2003). But in North
African countries, it is rarely used. This is due partly to the
high cost of importing material used in the production as
silica fume.

However, the desert dune sand is an abundant fine
aggregate in these countries, and with its high composition
in silica it can be a very inexpensive alternative to these
sub-Saharan regions for the production of HPC and UHPC.
Until now, several attempts to use the dune sand in
formulations of concrete have been conducted in Tunisia,
Algeria, Oman and Australia (Rmili et al. 2009, Bouziani
2013, Zeghichi et al. 2012, Al-Harthy et al. 2007, Luo et al.
2013). If for some researchers the objective was to
formulate a self-compacting concrete, others have been able
to obtain high strength concrete with a compressive strength
close to 60 MPa.

In this work, a formulation of the UHPC based on dune
sand is developed using the Dreux method. The mechanical
properties of concrete are studied using tests. The
elaborated UHPC is used for paraseismic reinforcement of a
multifunctional tower located on the heights of the city of
Skikda northeast of Algeria, 150 km from the Tunisian
border.

In this paper, we analyse an existing tower in algeria
before and after retrofitting by RC shear walls made with
ordinary concrete, and with sand dune based UHPC. To
investigate the technical and economical impact of the use
of these systems, a comparative study was performed. A
comparison was made between the RC shear walls retrofit
and the retrofit with carbon fibers and insulators at the base.

In our study, we use the nonlinear static pushover
analysis (which is a simplified pseudo-static analysis),
based on the approximation of the displacement of the
system with several degrees of freedom by the spectral
response of a system with a single degree of freedom
(Fajfar 1999, Chopra et al. 2002).

2. General description

Algeria, and specially his northern part , which lies near
the borderline separating the African Plate from the
Eurasian Plate, has a high seismic activity. This activity
concerns the major part of the population, buildings and
facilities.

Moreover, several studies show that the composition of
the building stock in Algeria is constituted in its greater part
of reinforced concrete constructions.

Whether it is in Tizi-Ouzou (Cherifi et al. 2015), Algiers
(Ousalem 2005) or Constantine (Boukri et al. 2014), the
neighbouring town of Skikda, a proportion between 75%
and 90% of the building stock is based on reinforced
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Fig. 2 The building structure (and a floor plan
of the building)

concrete structure.

In addition to that, the reinforced concrete frame
structures were the most affected by damage after the last
earthquakes.

This is due to the fact that the majority of construction
build before the the beginning of 90" of the last century are
designed according to an older version of the Algerian
seismic regulations (RPA99 or RPA88). Moreover, some of
these structures were built before the first Algerian Seismic
Regulations (RPA 81) in 1981.

For this reason, the rehabilitation of reinforced concrete
structures in Algeria, particularly in the north, becomes a
necessity which is accompanied by a high work cost .

In order to illustrate the advantages of using the high
performance concrete made from sand dune, an existing
building located on the heights of the city of Skikda
(situated in a high seismic zone) will be chosen.

The considered building is a reinforced concrete frame
tower of 15 levels and a basement. Its rectangular shape has
27.20 m of length and 24.40 m of width. The total height of
the tower is 51.25 m (Fig. 2). The structure is composed of
columns (cross section dimensions varying between
0,25x0,25 and 0,7x0,7 m?) and beams with a square section
(cross section dimensions varying between 0,27x0,27 and
0,6x0,6 m?) and ribbed floors of reinforced concrete having
a thickness varying between 21 and 25 cm.

3. The Ultra high performance concrete

3.1 Aggregates
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The aggregates used in this study come from two
quarries in the north-east of Tunisia, the Jbel-Ressas for
crushed aggregate (gravel 12/20, 4/12, 4/8 and crushed
sand) and that of Khelidia for rolling sand. Rolling sand
(RS) is a sand 0/2.5 mm low fine content, its chemical
characteristics are shown in Table 1. The crushed sand is
composed of particle with size ranging from 0.08 to 5 mm
and with chemical characteristics (same as gravel) shown in
Table 1.

For dune sand (DS), which comes from the Sahara
desert in southern Tunisia, the chemical composition is
presented in Table 1. The particle size of the sand is very
fine and the maximum grain diameter is 0.4 mm.
Granulometry curves of gravel are shown in Fig. 3, those of
used sands are shown in Fig. 4.

The Sand Equivalent (SE) gives a global account of the
amount of fine elements by expressing a conventional
volumetric ratio between sandy elements which sediment
and the fine elements which flocculate. This parameter
measures the cleanliness of the sand. Table 2 shows that the
sand equivalent of the three sands used is greater than 70.
Therefore our sand is acceptable (NF P18-597).

3.2 Cement

The cement used is Portland cement CEM 1 42.5, is
produced by Jebel Jeloud factory. It has a compactness of
0574 and a density of 3,210 g/em®. According to
(Khouadjia et al. 2016), the cement Blaine specific surface
is 346.6 m*kg and the mineralogical composition is that
shown in the Table 3.

Table 1 Chemical composition of aggregates

Composition
(%)
DS 93,7 18 0,2 0,36 0,38 0,26 158 1,31 -
CS 0,44 54,9 0,035 - 0,0490,436 0,53 - 0,192
RS 98,2 0,08 0,34 0,17 - - 011 - -

S|02 Cao A|203 K,0 Na,0O MgO Fe,O; PF SOz

Table 2 The Sand Equivalent

Sand RS CS DS
Sand Equivalent 76 71 75

Gravel 4-8
......... Gravet 4-12
Gravel 12-20

Cumulative Passing (%)

2 20

Particule Diameter (mm)

Fig. 3 Granulometry curves of gravel (Jbel Rsas)

Cumulative Passing (%)

0,0001 0,001 0,01 01 1 10

Particule Diameter (mm)

Fig. 4 Granulometry curves of sand

Table 3 Mineralogical composition of cement
CsS C,S CA C,AF
61% 11.85% 2.42% 13.75%

Table 4 Physico-chemical characteristics of Admixture

Density pH (N?g/o(;)e“ Dry extract (%) CI (%)
1,060£0,020 5,5+1,0 <1% 29,5%+1,4% <0,1%

Table 5 Formulations of concrete in kg

Designation GO G01 G02 Gl G2
Gravel 12/20 37,28 37,28 37,28 37,28 37,28
Gravel 4/12 30,7 30,7 30,7 30,7 30,7
Gravel 4/8 1,7 1,7 1,7 7,7 7,7
Rollingsand 20,01 20,01 20,01 19,41 19,41
Crushed Sand 13,35 13,35 13,35 13,08 13,08

Dune Sand 1,67 1,67
Cement 27 26,73 26,75 27 26,46
Slaked Lime 0,27 0,54 0,54
Admixture 0,54 0,54
Water 12,6 12,6 12,6 12,6 12,6

3.3 Admixture

The Admixture used is the Sika VISCOCRETE TEMPO
12 which is a super plasticizer based on polyacrylate
copolymer. It has a reducing of water effect. Its physico-
chemical characteristics are shown in Table 4.

3.4 Formulation of concrete

There exist many methods of formulating hydraulic
mixtures. The basic principle of most of these methods is
set in finding the maximum of the granular capacity. For
this purpose, some methods use the measure of the
compactness of the components and mixtures. Others use "a
reference granular curve " assumed to give the maximum
compactness with the used materials.

In North Africa (particularly in Algeria and Tunisia), to
date, the most widely used method for formulating
hydraulic mixtures is that of Dreux-Gorisse presented in
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Dreux et al. (1998). In our work, the formulation of
concrete is determined by this method, which was also
applied in several research work such as Boumaza-
Zeraoulia et al. (2013) and Yousfi et al. (2014). Further to
the obtained results, five concrete formulations were
retained, their composition is presented in Table 5.

The GO formulation is a reference one. It contains
neither admixture, nor slaked lime, nor sand dune. The G01
and GO02 formations are used to observe the effect of slaked
lime on the characteristics of concrete, whereas G1 and G2
will be used to show the sand dune effect. The total mass of
sand in all formulations is the same.

3.5 Study of made concrete

3.5.1 Slump test

In accordance with the EN 12350-2 standard for the
measurement of workability of concrete, recourse is given
to the slump test with the Abrams cone. Table 6 shows the
slump test results and the densities of the studied concretes.
One notes that all the test values of workability vary
between 10 and 13 cm, so we can say that the concrete used
is very plastic (S3 consistency class). On the other hand, we
see that the densities of concrete containing sand dune are
superior to those of other types of concrete.

3.5.2 Compressive strength

To determine the capacity of the studied concrete,
compression tests were performed on the different
formulations of concrete while respecting standards NF
P18411 and NF P18 412. Fig. 5 shows the variation of the
compressive strength of concrete with time. In this figure,
we can see that the dune sand concrete (G1) has a
compression strength exceeding 80 MPa after 3 days and
122 MPa after 28 days, as opposed to 28 MPa after 3 days
and 51 MPa after 28 days for the GO formulation (reference
concrete). This improvement is expected for the increase in
density that induces an increase of compactness.

The evolution of the compressive strength of the
ordinary concrete with added lime as a function of time
shows that the addition of 1% lime gives the best results for
three days while better results in the seventh and the 28th
are days obtained with an addition of 2% lime. If the 28-day
strength enhancement is 7.7% with 1% lime and 17% with
2% lime (in GO1 and GO2 compositions), it is only 2.4%
between G1 and G2 manufactured with the sand dune.

3.5.3 Tensile strength

Tensile tests by flexural (3-point) were carried out while
respecting the standard (P18-407). Fig. 6 shows a behaviour
when using lime similar to that of the compressive strength:
on the 3rd day, the greatest increase in strength obtained
with 1% lime and the value is equal to 0.45%, but with 2%
lime we have the best tensile strength on the 7th and 28th
day. If the increase without sand dune is 11% at 28 days
with 2% lime, this increase reaches almost 18% with the
use of sand dune with a value of 10.25 Mpa.

3.5.4 Shrinkage study
The tests began with the GO formulation (that does not

Table 6 Slump test and density of concrete

Designation GO G01 GO02 Gl G2
Slump test (cm) 12,3 11 11 11 10,5
Fresh 251 247 248 257 2625
Hard 2,468 245 2437 254 258

Density (g/cm®)

120
100
80
- G01

60 — - G02

+-G1
40
f/—__' G2

20

140
- G0

compressive strength (MPa)

0 5 10 15 20 25 30
Time (days)

Fig. 5 Evolution of the compressive strength of
concrete over time

12

10
8
--G0
6 ~*-G01
-4 G02
4 -+-G1

--G2

Tensile strength (MPa)

0 5 10 15 20 25 30
Time (days)

Fig. 6 Evolution of the tensile strength of the
concrete over time

contain lime). Then we studied the effect of the addition of
1% and 2% lime. This allowed to deduce, as shown in Fig.
7, that the addition 1% of slaked lime reduces the shrinkage
with respect to the reference concrete, and that the addition
of 2% leads to better results. Tests were carried out again on
the high performance concretes made with dune sand
previously used and studied. It is obvious that the addition
of lime to the concrete minimizes the shrinkage. As
expected, and because concretes based on dune sand are
more compact, their shrinkage is lower than those of the
reference formulations by 40%.

3.5.5 Swelling study

The swelling phenomenon was studied on samples
stored in water. The from swelling as a function of time for
different concretes is shown in Fig. 8. It is clear that the
more lime added to the reference concrete, the more
swelling increases. On the other hand, we see that the lime
also increased swelling of the concrete made with the dune
sand but, as expected, with lower values than those of the
formulations GO, G01 and G02.

4. Assumptions and modelling

4.1 Characteristics of concretes
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The building to be analysed has an ordinary reinforced
concrete structure with compressive strength at 28 days of
25 MPa. The ultra high performance concrete used for
reinforcing walls is that of the formulation G2. This
formulation allows to obtain a compressive strength at 28
days that exceed 120 MPa. Table 7 shows the mechanical
properties of the used concrete.

4.2 Characteristics of the steel

Table 8 shows the characteristics of the steel used in
reinforced concrete.

4.3 Earthquake assumptions

According to the Algerian seismic rules RPA99/2003,
the building is located an area of moderate seismicity (zone
I1), and since the building is a collective housing with a
height that exceeds 48 m, it is classified in 1B group which
includes constructions of high importance.

900

~700

® 600

=]

s00 —--Go
() -»-G01
=

§%° —+G02
< »-G1
= 300

--G2

0 5 10 15 20 25

Time (days)

Fig. 7 Concrete shrinkage variation with and without
the addition of the lime

600

500 t______’_,——————'

400
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-&-G02
»-G1
G2

swelling (10 ")
=5
]
8

=3
=3

=)

0 5 10 15 20 25

Time (days)

Fig. 8 Concrete swelling variation with and without
the addition of lime

Table 7 Characteristics of concretes
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Table 8 Steel properties

Unit weight 78 kN/m®
Modulus of elasticity 200000 MPa
Poisson’s ratio 0,3
Yield strength 450 MPa
Ultimate strength 710 MPa
Ultimate strain 11%

Unit weight 25 kN/m?
Ordinary Poisson’s ratio 0,2
Concrete Modulus of elasticity (MPa) 32164
Compressive strength (28 days) (MPa) 25
Unit weight 25 kN/m?
Poisson’s ratio 0,2
UHPC .
Modulus of elasticity (MPa) 54256

Compressive strength (28 days) (MPa) 120

Spectral Accelerations e
g

100 200 3.00 200 500 600

Period (s)
Fig. 9 Project Response Spectrum

According to the same regulations the site with its soft
and highly altered rocks, is classified in the S2 category.
Thus, the response spectrum considered in the project is that
of Fig. 9.

4.4 Modelling assumptions

As indicated in Ismail (2014), when the objective is to
calculate the non-linear capacity of an existing structure
subject to horizontal loading with a reduced computational
effort, pushover analysis in SAP2000 can obtain good
accuracy.

Therefore, in this study, nonlinear finite element
analysis is conducted using the “pushover” method in
SAP2000 software. The same model and assumptions as in
Trabelsi et al. (2011) are taken. A 3D model is used who
columns and beams are modelled by Hermit finite element
with six degrees of freedom and slabs are modelled by
“shells” elements with dimensions of mesh 1 mx1 m. The
connections between beams and columns are complete and
the columns of the first level are considered embedded at
the base.

The adopted model of the nonlinear behaviour of the
reinforced concrete is an elasto-plastic model with work
hardening. It have been derived from the standard
FEMA356 2000 as shown in Fig. 10. The latter shows a
typical response at a plastic hinge with an initial linear
elastic behaviour followed by a perfectly plastic range and a
final drop to a given residual strength.

In Fig. 10, point A represents the origin and B is the
point of yielding; while point C correspond to the maximum
force. The Plastic flow between B and C represents 10% of
the total deformation of the steel and the wvalues
corresponding to points C, D, E have been derived from
Table 6.18 of FEMA356 2000.
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Fig. 10 Idealized force-deformation relationship
(Erdem 2016)
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Fig. 11 Static analysis of structures (Petrini et al. 2004)

5. Analysis of the tower without reinforcement
5.1 Principle of the “pushover” method

The Pushover analysis developed over the past 20 years
is a nonlinear static analysis for structure subjected to
lateral loading. By considering a series of incremental static
analysis, the pushover analysis evaluate the nonlinear
behaviour of structures, and thus predicts the seismic force
and the deformation demands. With that in mind, pushover
analyses was carried out by applying a monotonically
increased uniform distribution of lateral forces along the
height of the structure until the limit of the acceptable
plastique damage was reached. This allowed to establish the
global capacity obtained by plotting the roof displacement
versus base shear curve (Fig. 11).

The curve of Fig. 11 can be transformed into a capacity
diagram by modifying the seismic force (base shear V,) by a
spectral acceleration S,, and the roof displacement U, by a
spectral displacement Sg.

To determine the damage state of the structure, we
proceed to the evaluation of the performance point. It is
defined as the intersection of the capacity diagram of the
structure with the inelastic spectrum under the seismic
action to estimate the maximum displacement of the
structure (Fig. 12).

Fig. 13 shows a general diagram of the damage state of
a structure, and shows that the non-linear behaviour is
composed of four segments.

As explained in Trabelsi et al. (2011), each segment
corresponds to one of the damage states:

* The first level, Immediate Occupancy (10 part in Fig.

Spectral acceleration s,(m/s?)

/

A o
Spectral displacement s,(m)

Fig. 12 Determination of the performance point
(Trabelsi et al. 2011)

N

No Minaor Severe Collapse
damage damage damage

1 ! s 1
T T T 1
C
B
Immediate Life Collapse

occupancy Lt AFPN prevention
(i0) (Ls) (CP) D

Force

A Deformation

Fig. 13 Force-Deformation for Pushover Hinge
(Erdem et al. 2016)

13), corresponds to the elastic behaviour of the
structure. It represents a point where the seismic design
level and the damage of the structure are superficial.

» The second level of damage (Life Safety LS) is a
controlled level of damage. The stability of the structure
is not questioned.

* The third level (Collapse Prevention CP), represents an
advanced state of damage where the stability is in
danger. Beyond this level, the structure is likely to
collapse and will have no resistance.

5.2 Seismic analysis of the existing structures

For modelling a medium intensity earthquake, it is
considered a seismic excitation with an estimated
acceleration equal to 0.28 g.

Fig. 14 shows the resulting acceleration-displacement
spectrum and the capacity curves of the structure in the
horizontal direction (x-x).

Demand is high for the existing building since the
performance point occurs between LS and CP event points,
as shown in Fig. 14. The state of damage is advanced and
the overall stability of the building is in danger. Therefore,
retrofitting is imperative for the building.

6. R.C. shear walls retrofitting
View the unsatisfactory seismic behaviour revealed by

the evaluation of the existing structure, RC shear walls are
envisioned to reinforce the building.
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Fig. 15 Position of the R.C. shear wall in the structure

To facilitate implementation, the shear walls are
executed at the corners of the building as shown in Fig. 15.
Shear walls have a height of 59 m and a thickness of 25 cm.
The width L which is common for all corners is considered
variable.

Two alternatives of shear walls are considered. The first
with an ordinary concrete and the second with the UHPC
sand dune based.

6.1 Optimization of the width of reinforced concrete
walls

To optimize the length L of the shear walls, several
values of L are considered. The capacity curves of the
strengthened building, presented in Fig. 16, show that when
we use the UHPC the overall stiffness of the building and
its resistance are increased.

Figs. 17 and 18 show the performance point associated
to L=1 and 4 m for the two cases of concrete.

At every deformation step of the pushover analysis, the
SAP 2000 program can determine the position and the
FEMA limit state (IO, LS and CP) of the plastic rotation
hinges in the structure. Fig. 19 shows the formation of
plastic hinges in the direction (x-x) for some lengths of
shear wall at the performance point.

It is observed that for L=1 m, the 4th floor is the
weakest storey with plastic hinges formed at the top and
bottom of some columns having reached the collapse state.
For L=4 m, these columns reached the 10 limit state.

597
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Fig. 16 Capacity curves of the structures retrofitted by
different length of the R.C. shear walls
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Fig. 17 Performance point for the retrofitted
structure using ordinary concrete

Based on the calculated performance points and the
associated formation of plastic hinges, we illustrate the
evolution of the behaviour of the retrofitted building
depending on the shear wall length in figure 20.

It is shows that the damage state of the structure
depends on parameter L. It is noted that to each state of
damage in both concrete formulations, is associated a
segment with different slope in the spectral displacement-
acceleration space. Thus, for the same damage state “10”, 3
m of width of ordinary concrete shear wall is equivalent to
1.5 m width of UHPC shear wall.

If we compare the two points of performance, reinforced
structure with 1.5 m UHPC shear wall is slightly more rigid
then that reinforced with 3 m of O.C shear wall.
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structure using UHPC
Table 9 Weightage factors for Performance Range
Serial Number 1 2 3 4 5 6
Performance range <B B-10 10-LS LS-CP CP-C Cé[iED' ]I % %
Weightage Factor 195 0375 0,625 0.875 1.0 | [ | |
. D O e B
6.2 Vulnerability analysis (c) L=4 m for O.C. (d) L=4 m for UHPC
Fig. 19 Comparison of hinging patterns at ultimate point
A mesurement, that can be obtained from the pushover forL=1and 4 m

analysis, is the vulnerability index (Lakshmanan 2006). The
vulnerability index is a measurement of the damage in a
building defined as a weighted average of performance
measures of the hinges in the components at the
performance point.

The expression of the vulnerability index of a building
is given as follows

0,7 T T T T T

0,6

E
15 -N-Cx-+Z-Nl-7x- E 0,5+
Vlpag = W @) i;j
g
Where, N and ij are the numbers of hinges in columns § 0.4-
and beams, respectively, for the i"" and j™ performance & il
range. X and x; are the weightage factor assigned,
respectively, for columns and beams. Table 9 shows the 03 L]
weightage factor for each performance range. L=l A
The performance ranges of the formed hinges are noted 0075 0.0 0125 015 0175 02 0225 025
from the deformed shape output. The number of hinges Spectral displacement (m)

formed in the beams and columns for each performance
range are presented in Table 10. Fig. 20 Building performance points function of L
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Table 10 Building hinge count and vulnerability index

] . Columns Beams
Designation Vlbigg
Total B-IO I0-LS LS-CP D-E Total B-IO I0-LS LS-CP D-E
Existent building 1120 0 12 28 42 1050 0 11 7 37 0.0195
O.C. Retrofit (L=3 m) 1120 88 10 1050 76 3 0 0 0.0080
UHPC Retrofit (L=1.5m) 1120 93 7 0 1050 89 8 0 0 0.0088
Table 11 Carbon fiber properties of carbon fiber 03 geectialDisplncement

Unit weight of carbon fiber 17 kN/m®
Young’s modulus of carbon fiber 450000 Mpa
Poisson’s ratio of the carbon fiber 0,2

Ultimate tensile strength 2500Mpa

Also, Table 10 gives the vulnerability index of the
building. The obtained high value of VIl 4, for the existent
building, compared to the retrofitted structure, reflects the
poor performance and the high risk of the building. Besides,
it can be seen see that the vulnerability index of the two
reinforcement variants are very close.

7. Comparison with other retrofitting techniques

Two other different retrofitting techniques have been
considered in this study to compare the results of the
retrofitted building with RC shear wall: retrofitting with
thin sheets of carbon fibers and retrofitting by the use of
base isolators.

7.1 Retrofitting with carbon fiber sheets

Carbon fibers are very fine fibers with a diameter of 7
pm. They have excellent properties as the high strength,
high elastic modulus, light weight, and high durability.

A carbon fiber sheet consists of carbon fiber strands
arranged in the same direction. A carbon fiber strand
consists of 12000 filaments of carbon fiber.

The reinforcement with carbon fiber sheets has the same
behaviour as strengthening with additional external
reinforcement. Indeed, it delays the concrete cracking and
the plasticization of the reinforcement. Thus, the carbon
fiber plates can improve the strength of the building against
shear forces and bending moments (Priestley et al. 1996,
Saadatmanesh et al. 1996, Saadatmanesh et al. 1997, Seible
et al. 1997).

The sheet of carbon fibers (9mm thick), considered in
the retrofitting of the building, are derived from a
manufacturing by graphitization (Hamelin et al. (2001)),
and their mechanical properties are shown in Table 11. The
behavioural model of the sheet of carbon fibers is a brittle
elastic model. In our case of study, the carbon fiber sheets
are considered wound onto the surface of all the columns of
the tower.

After simulation, the intersection between the demand
curves and capacity occurs near the point 10 event as shown
in Fig. 21. The state of damage is superficial and the
behaviour of the structure is improved.
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Fig. 21 Performance point for the retrofitted
structure using carbon fiber sheets
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Fig. 22 Description of the Link/Support
element (Rubbert insulator)

7.2 Retrofitting by base isolation

Base isolation is a technique that is generally used in
rehabilitation of critical or essential structures. Its use
permit to reduce the seismic impact on the building by
increasing the natural period of the structure to increase
displacements across the isolation level and reduced
accelerations and displacements in the superstructure during
an earthquake. For the building of our study, we consider
that the isolation devices are inserted at the bottom of all
columns.

The isolators are modeled in SAP2000 using
Link/Support element (Rubber insulator) whose description
is given in Fig. 22. It is assumed that the vertical stiffness is
infinitely rigid (Kz=w), the rotational stiffness are infinitely
flexible (Kg=Kg=Kn=0) and the horizontal stiffnesses are
equal (Kx=Ky=2749 KN).

Fig. 23 shows the acceleration-displacement spectrum
and the capacity curves of the structure in the horizontal
direction (x-x). The intersection of the two curves takes
place near the point event B; the response of the building
remains perfectly elastic.
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Fig. 23 Performance point for the retrofitted
structure using base isolation

7.3 Economic study

The cost of retrofitting the analysed building by
reinforced concrete walls, with all the direct and indirect
costs, was estimated at around 137,810 Euros for ordinary
concrete; and 75,030 for UHPC. The cost of building
reinforcement with carbon fiber sheets was estimated at
261,956 Euros. The cost of building retrofitted by base
isolation was estimated at 113,140 Euros.

Thus, in addition to meeting the technical criteria
required by seismic standards, retrofitting the building
through UHPC shear walls has significant technical and
economic advantages. In fact, technically, the use of
peripheral shear walls associated to the reduced length of
1.5 m on each side of the corners of the building allows
limiting the intervention. Economically UHPC shear walls
represents the least expensive solution with less than 29%
of the cost of reinforcement by composite materials, and
less than 55% of the cost of a reinforcement by ordinary
concrete shear walls.

8. Conclusions

In Algeria, considering the importance of the damage
caused by the earthquakes, a seismic retrofitting of existent
buildings and especially those whose structure is made of
reinforced concrete is necessary.

In order to reduce interventions in buildings, a new
formulation of an ultra high performance concrete based on
dune sand has was formulated in this paper.

Aggregates, sand equivalents, admixtures used and
slump test, compression and tensile strength tests, shrinkage
and swelling tests and final characteristics of the concrete
are presented.

By determinning the characteristics of the concrete
though testing, it is shown that the formulation of the
UHPC made with dune sand allows to obtain a compressive
strength at 28 days that exceed 120 MPa.

An existent reinforced concrete frame tower of 15 levels
from Skikda city, that represents an unsatisfactory seismic
behaviour, is considered.

Retrofitting by two variants of reinforced concrete shear

walls were compared: ordinary concrete and UHPC made
with dune sand.

A nonlinear dynamic analysis, based on the “Pushover”
method has been conducted and results obtained in terms of
demand, capacity and plastic hinges are given.

The analysis allowed an optimization of the width of
reinforced concrete walls used in seismic strengthening for
the two variants.

Thus, the study shows that, for the same damage state
“IO”, 3 m of width of ordinary concrete shear wall is
equivalent to 1.5 m width of UHPC shear wall. Retrofitting
with the retained width of the shear walls, is compared to
the retrofitting with sheet of carbon fibers and the
retrofitting by base isolation. The study shows great
technical and economical advantages for UHPC shear wall
retrofitting, these include a less cumbersome procedure, and
a lower cost which is almost half of other retrofitting
alternatives.
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