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Optimization of the rehabilitation of concrete
buildings based on their dynamic properties

ABSTRACT

The present work describes the development of an optimization model for the rehabilitation process of
concrete buildings damaged mainly by the effects of an earthquake. Currently, the process is carried
out according to the current standards and the damage assessment is based largely on visual
damage, which can obviate internal damage to the elements of the structure which cannot be
detected at a glance and which will affect its behavior in the future. By means of a non-linear
optimization process, the optimization of the modal analysis of concrete buildings has been carried
out by means of steel or concrete jacketing in order to reduce the increase in weight generated by
these new elements. When analyzing the results it can be observed how increasing the quantity of
elements to be repaired increases the complexity to obtain a combination of sections that while
keeping the increase in weight to a minimum does not negatively affect its fundamental frequency.
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1. INTRODUCTION

Repairing a concrete building damaged by an earthquake is not an easy task. This requires a review
of the mechanical behavior of the structure due to inelastic deformations, cracks, deflections and
other visible damage suffered by the elements [1]. The evaluation of these damages is at the
discretion of the engineer deciding as well to consider the contribution of the damaged structure in
conjunction with the rehabilitation elements.

The damage can be particularly severe when the dominant frequency of the earthquake approaches
the resonant frequency of the structure. Standard repair procedures tend to cause a change in the
mass and rigidity of the structure which leads to two major problems: a weight gain that was not
considered when designing the foundation and potential changes in the natural frequency of the
structure which will change the response of the building to a future dynamic excitation.

Mexico is one of the countries in the world with the highest seismic activity. According to statistical
data, there are more than 90 earthquakes per year with magnitude greater than 4 degrees on the
Richter scale, which is equivalent to 6 percent of all earthquakes recorded in the world. During the
20th century, high-intensity earthquakes occurred in each of the decades that caused considerable
material damage and the number of deaths [2].

On September 19 and 20, 1985, two earthquakes of great intensity occurred, which caused serious
damage and losses in part of the Mexican territory, especially in the metropolitan area of its capital.

The earthquake of September 19 had a magnitude of 7.8 (shortwave, MS) and 8.1 (long wave, MW)
on the Richter scale. The amplitude of the waves of the initial earthquake was between 3 and 5 times
greater than anticipated, without the cause being known in detail and lasted between 2.5 and 3
minutes. The next day's earthquake was 7.3 Richter degrees and completed the break of the old
union between Cocos plates and North America [3].

According to the National Center for Disaster Prevention (CENAPRED for its acronym in Spanish), the
damage extended from the west coast to the central plateau of the Republic, although the most
serious were concentrated in a relatively small radius, especially in the Federal District. The latter is
explained by a combination of factors, including the fact that many buildings especially those between
8 and 15 stories high- came into resonance due to the long duration of the earthquake. The
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resonance of the soils mainly those located in the center of the Valley of Mexico where there are
lacustrine deposits- coincided with the frequency of the waves of the earthquake since the anti-
seismic construction standards in force provided much lower amplitudes than those actually they
happened. Multifamily and office buildings between eight and fifteen floors, hotels, hospitals and
schools collapsed or became unusable. Only in large-scale buildings did the official count reach
around 3,300 damaged buildings. Some 36,000 homes were destroyed and more than 65,000
experienced significant damage [3].

On September 7 of 2017, an 8.2 magnitude earthquake occurred in the Gulf of Tehuantepec, 133 km
south and center of the country and caused heavy damage on the Isthmus of Tehuantepec. This
earthquake presented a large number of aftershocks, many of which could not be located due to their
small magnitudes. The number of replicas until September 30 was 5791, two of them of magnitude
6.1 [4].

On September 19, 2017, the National Seismological Service (SSN) reported an earthquake with
magnitude 7.1 located on the state boundary between the states of Puebla and Morelos, 12 km
southeast of Axochiapan, Morelos and 120 km from Mexico City [5].

The decision on how to repair the structure is often made by conducting an inspection according to
applicable regulations in the workplace; these are usually based on observable damage and not on a
detailed analysis of the damaged members which may cause details to be ignored and for these to
impact on its structural behavior in the future.

The different methods of repair for different elements present in the structure can lead to an increase
in the total mass damaged building generating a greater force of inertia in response to a future
earthquake making ineffective repair procedures performed in addition to the effect of extra weight on
the foundation of the building which was not contemplated at the time of designing it.

Depending on the state of the structure after the seismic event, the National Center for Disaster
Prevention (CENAPRED) classifies the types of structural damage in the following way [1]:

Non-structural damage: As its name says, it is the damage suffered by those elements that do not
have any structural function in the construction, they only fulfill functions that do not affect the seismic-
resistant behavior of the structure, such as the decorative ones frequently used in colorful facades,
the dividing walls that are very usual in structures based on frames, an element that has the insulating
function, or all kinds of glassware.

Light structural damage: It affects the structural elements that intervene in the seismic-resistant
capacity of the structure. In a practical way, it is identified by the appearance of cracks smaller than
0.5 mm in width in the concrete elements, as well as the fissures and falls of flattened walls and roof.
Even when the structural elements have suffered damage, there is no reduction in the earthquake-
resistant capacity of the structure, as well as non-structural damage there is no need to vacate the
structure, only the restoration of the damaged elements is enough to repair it.

Strong structural damage: These damages in the structural elements are of consideration, they are
located when there are cracks of 0.5 mm to 1.0 mm wide in the structural elements of concrete. Given
the importance of damage to the structure, there is a considerable reduction in seismic-resistant
capacity. Due to the damage, damaged elements must be propped up immediately, resulting in
controlled access to the property.

Severe structural damage: It is the most critical state that can suffer the structure, are located cracks
of more than 1.0 mm in width in concrete elements, the detachment of the coating in columns, the
crushing of concrete (Fig.1), the breakage of stirrups and the buckling of the Reinforcement in
columns as in concrete wall, cracking of flat slabs around the columns, the collapse in columns of
more than 1: 100 of its height and the collapse of the building of more than 1: 100 of its height.
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Fig. 1. Shear failures of columns [6].

The rehabilitation systems that can be applied to each particular case will depend on the
characteristics of the structure and the problems it presents (insufficient resistant capacity, low rigidity,
inadequate ductility, etc.).

In the seismic rehabilitation of structures, the lateral resistance is often provided by the modification
and/or addition of elements only in certain parts of the structure like in the case of jacketing of these
elements with either steel (fig. 2) or concrete (fig.3). The remaining elements of the structure are
usually not reinforced.

Fig. 3. Concrete jacketing of columns and beams [8].
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Through the use of an unconstrained sequential minimization technique (SUMT) in conjunction with
modal dynamic analysis, this paper aims to develop a methodological procedure that will optimize the
weight of a concrete structure and lead to the choice of appropriate repair techniques without deriving
in deficient dynamic conditions allowing to propose conditions under which a building could be
efficiently repaired.

1.1 Background

Jirsa (2005) wrote about the challenges in the seismic rehabilitation of structures after the 1985
earthquake in Mexico City [8]. Table 2.1 summarizes information on 379 buildings that partially or
completely collapsed or were severely damaged during the 1985 earthquake [9]. The buildings are
listed according to the structural type and the number of stories. Concrete buildings represent 86% of
the total, 47% were built between 1957 and 1976, and 21% were built after 1976. The damage was
concentrated in buildings with 6 to 15 floors and most of these buildings are medium height were
concrete structures.

The main failure modes observed in the 1985 earthquake are listed in Table 2.2. The results were
obtained from a survey of 331 buildings in the most affected area of Mexico City that represented the
most severely damaged or collapsed buildings [10].

Table 2.1 Record of damage to buildings that occurred during the 1985 earthquake in Mexico

City. This record is a function of the number of floors and the material of the buildings

Extent of Number of stories
Type of structure d Total
amage <5 6-10 11-15 >15
I 7 47
R/C Frames Collapse 3 9 0 93
Severe 23 62 14 0 99
R/C Frames Collapse 0 1 0 1 2
and shear walls Severe 2 1 2 0 5
Collapse 20 31 1 58
Waffle slab
Severe 6 33 19 0 58
Waffle slab Collapse 0 0 0 0 0
and Shear Walls Severe 0 2 3 0 5
R/C Frames Collapse 3 0 0 2 5
and Beam-Block Slab Severe 0 1 2 1 4
Collapse 6 1 3 3 13
Steel F
IS Severe 0 2 1 0 3
Masonry Bearing Walls Collapse 8 0 1 0 °
N 3 Severe 19 1 1 0 21
Masonry Bearing Walls Collapse 1 0 0 0 1
with R/C Frames Severe 3 1 0 0 4
Total 128 183 61 7 379

Table 2.2 Types of faults in buildings damaged by the 1985 earthquake in Mexico City

Mode Of Failure Observed % of cases
Shear in columns 16
Eccentric compression in columns 11
Unidentified type of failure in columns 16
Shear in beams 9

Shear in waffle slab 9
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Bending in beams 2

Beam-column joint 8
Shear and bending in shear walls 15
Other sources 7
Not possible to identify 20.5

Horta-Rangel et al., (2008) studied how the change in the mass of the elements damaged by seismic
actions after their repair produces a change in their natural vibration frequencies, seeking to obtain a
desirable range for these frequencies in the that the rehabilitation process can be optimal. To find the
optimal design, a modal analysis was carried out using the ANSYS software considering an
optimization model based on the weight of the structure and its natural frequencies. It was concluded
that the increase in mass in the columns lower part of the building increases the natural frequency
[11].

1.2 Modal analysis

The corresponding equation based on the linear elastic behavior of a non-damped system is:

(KI-@;[MD{¢,}=0 ™

Where:

[K] is the stiffness matrix

w,’is the natural frequency squared
[M] is the mass matrix

{#,} is the vector of vibration modes

This has nontrivial roots when:
det ([K]- wZ[M]) = 0 @)

By expanding the determinant we obtain a polynomial of order N in w?. Equation (2) is known as the
characteristic equation or frequency equation. This equation has N real and positive roots for w?,
which determine the N natural frequencies of vibration [12].

2. METHODOLOGY
2. Record of damage to buildings in the world due to an earthquake

The Earthquake Engineering Research Institute of the United States makes available to the public a
database with information on the damage caused by earthquakes in buildings around the world
through the website concretecoalition.org, among which are both steel buildings and of concrete,
when choosing a specific building known or found by means of its search engine we will obtain all the
available information of this about the original configuration of the building, materials used in its
construction, sections and foundations, as well as the damages observed, if this was demolished or
had repaired and in that case to have it of what type was.

2.2 Optimal Procedure

Most problems of structural optimization involve the minimum of an objective function of design
variables subject to a set of constraints which are of the geometric and behavioral type. The
constraints which stem from limitations on stresses, displacements and the allowable member sizes
are implicit functions of the design variables and are often highly nonlinear.

Perhaps one of the easiest ways of solving such a nonlinearly constrained problem is the penalty
method. In this method, an auxiliary objective function, which is a function of the original objective
function, and the constraints are constructed.

In the context of the interior penalty method, the algorithm that is most commonly used is the
Sequential Unconstrained Minimization Technique (SUMT) proposed by Fiacco AV, et al. [13]. The
algorithm involves the use of a sequence of penalty parameters which converts the constrained
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problem into a sequence of unconstrained problems using the last solution as the initial guess for the
next unconstrained problem.

A non-linear optimization method coupled with the modal analysis of the structure was performed.
The Z function representing the weight of the structure is minimized with respect to the design

variables x;. The restrictions of Z are generally given in the form of inequities and associated with the
state equations (design equations). The optimization model can be written as follows:

min Z=1(X,,X,,X5,....,X;,) 3)
Such that:

a, <X, <a,;a,<X,<a,..a,, <X, <a, (4)

r-

X; = design variable corresponds to the additional thickness of the sections.
a;= assigned value.

The state variables will be the frequencies (Freq). The range of values f4, f, depends on the frequency
change required.

f, <Freq< f, (5)

The objective function Z represents the total weight of the structure, being proportional to the volume
V of this. Therefore, the Z function can be expressed as follows:

Z = pgV (6)
Where p corresponds to the density of the concrete and g is the gravitational acceleration.

Getting the minimum V guarantees the minimum of Z, so;
MinZaMinV. (7)

Volume V will involve the variables that affect the weight of the structure; for the case of jacketing, we
have as variables the thickness that will be increased to the sections of the elements in the structures:

ESC1 = Minimum thickness of the jacket of the columns.
ESC2 = Maximum thickness of the jacket of the columns.
ESB1 = Minimum thickness of the jacketing of the beams.
ESB2 = Maximum thickness of the jacketing of the beams.

The restrictions imposed on the state and design variables will be:

ESC1 <ESC <ESC2
ESB1 < ESB < ESB2
f1 <Freq=<f2

Where:

ESC = Thickness of the jacket in columns by story
ESB = Thickness of the lining in bars by story
Freq = Fundamental frequency.

Fig. 4 presents the above procedure through a flow chart.
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Fig. 4. Flowchart of the optimization procedure

2.3 Regarding the modeling of the jacketing elements

When modeling the jacketing using ANSYS, we chose a hollow box element with a uniform thickness
on all four faces (Fig. 5), the rectangular element of the original element is no longer considered for
the analysis, only its contribution to the total weight of the repaired building is taken into account.

Fig. 5. Jacketing: isometric view and cross-section.



234
235
236
237
238
239
240
241
242
243
244
245
246

247
248

249

250
251
252

3. RESULTS AND DISCUSSION

The analysis of the rehabilitation of concrete buildings with different characteristics in terms of height
as well as regularity was carried out, analyzing in each case the options for jacketing both concrete
and steel.

It was observed in cases where repairs are necessary on the ground floor (Fig.6) that the fundamental
frequency was reduced in most iterations as well as an appreciably constant behavior of how much
less weight is added to the major structure is this reduction in frequency, both for steel and concrete
jacketings (Fig. 7). In the case of buildings where the height is exceeded considerably by its length
(Fig. 8) it was observed that for concrete jacketing there is a tendency to increase the fundamental
frequency (Fig. 9).

ELEMENTS

SEC

DAMENTAL= 4.25466024 Hz

Fig. 6. Five-story building with damage in the first story
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Fig. 7. Variation of the weight of the rehabilitated Five-story building with respect to its
resonance frequencies. The Damage occurs on the first story. Casel: Reinforcement concrete
jacketing, case 2: Reinforcement Steel jacketing, case 3: No additional reinforcement
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Fig. 8. Two-story building with damage in the first story
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Fig. 9. Variation of the weight of the rehabilitated Two-story building with respect to its
resonance frequencies. The Damage occurs on the first story. Casel: Reinforcement concrete
jacketing, case 2: Reinforcement Steel jacketing, case 3: No additional reinforcement

When the repair must be done at the top of the column as a capital (fig. 10) the end result always
derives the increase of the fundamental frequency this increased stiffness gained by the jacket (Fig.
11).
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Fig. 10. Four-story building with damages in the first two stories
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Fig. 11. Variation of the weight of the rehabilitated Four-story building with respect to its
resonance frequencies. The Damage occurs on the first two stories. Casel: Reinforcement
concrete jacketing, case 2: Reinforcement Steel jacketing, case 3: No additional reinforcement

In buildings of medium height and with irregular geometry (Fig.12), it can be seen how, for a greater
number of elements to be repaired, the results become more dispersed (Fig. 13) allowing to
appreciate the operation of the algorithm, in this case the steel jacketing will increase the fundamental
frequency while at each iteration it offers considerably smaller than the weight of the concrete
jacketing, which has the optimal solution with a natural frequency closest to the original.



274
275

276

277
278
279

280
281
282
283

ELEMENTS

FRECUENCIA FUNDAMENTAL= 1.362

Fig. 12. Eight-story building with damage in six of its stories
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Fig. 13. Variation of the weight of the rehabilitated Eight-story building with respect to its
resonance frequencies. The Damage occurs on six of its stories. Casel: Reinforcement
concrete jacketing, case 2: Reinforcement Steel jacketing, case 3: No additional reinforcement

For buildings over 13 floors and of regular geometry (Fig. 14) it is observed how the repair in the lower
floors does not have great effect on the frequency even though the weight increase for the steel
jacketing is less than 2% of the original weight of the structure much less than 8% of the approximate
increase of the concrete jacketing (fig.15).
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286
287 Fig. 15. Variation of the weight of the rehabilitated 13-story building with respect to its
288 resonance frequencies. The Damage occurs on the four first stories. Casel: Reinforcement

289 concrete jacketing, case 2: Reinforcement Steel jacketing, case 3: No additional reinforcement

290 If the building has irregular geometry (Fig. 16) and with elements to be repaired distributed over a
291 large part of the building, in both cases the natural frequency was reduced while the weight of the
292  steel jacket did not vary greatly (see Fig. 17), for the different sets of the concrete jacketing a variation
293  of up to 9 tons of difference between the minimum and the maximum is observed.

294
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296 Fig. 16. 13-story building with damage in four of its stories
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297
298 Fig. 17. Variation of the weight of the rehabilitated 13-story non-regular building with respect
299 to its resonance frequencies. The Damage occurs on the four first stories. Casel:
300 Reinforcement concrete jacketing, case 2: Reinforcement Steel jacketing, case 3: No additional
301 reinforcement

302 4. CONCLUSION
303

304 Although the concrete and steel jackets are traditional techniques, there is greater certainty about the
305 use of these when considering how they work considering the contribution to the rigidity of the
306 damaged element as null compared to materials such as carbon fiber. By not being able to ensure the
307  behavior of the damaged element, we must make sure that it works properly. Reducing the added
308  weight when carrying out the rehabilitation of the structure will reduce, as far as possible, the future
309 collateral damage that the foundation could suffer because this addition was not considered at the
310  time of design.
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The optimization process undoubtedly allows us to evaluate a wide range of possible combinations
when choosing the repair elements of damaged sections, giving the possibility to obtain a basis to
choose how to rehabilitate a building by joining the conditions in situ as the hand of work and the time
available for execution.
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