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Abstract The response of a system to dynamic excitation depends on the interaction
between the forcing function and the system. Inpractice, change inmaterial properties
due to aging, fatigue, or the experience of a hazard are major challenges to the
designer. This chapter discusses the effect of material deterioration on the dynamic
properties of reinforced concrete structureswith consideration to strain compatibility.
Aging and loss of steel bond to concrete have significant effects on dynamic response.
Aging causes a drop in compressive strength, hence in axial and flexural capacity,
altering column interaction diagrams, or beam-column joint strength. The effect
of aging in standing structures can be measured through coring and lab tests, but
loss of bond is harder to evaluate because its mechanism is interior to structural
members. Causes of bond deterioration include poor concrete mix, placement, or
protection fromchemical agents.However,well-designedmixes and placedmaterials
may lose bond when subjected to an earthquake. Steel bond testing was performed
and documented in literature, but there is still a gap in field data. A mathematical
model is developed to illustrate the relationship between bond loss and concrete
frame stiffness. Field assessment and remedial measures are discussed for structures
that are suspected of, or diagnosed with, loss of bond. If the structure is salvageable,
such effects call for specialized repairs as a preventive measure against subsequent
events. But if loss of bond during an earthquake goes into an irreversible deformation
range, the possibility of collapse increases or the structure becomes a candidate for
disposal.

1 Introduction

Concrete behavior is complex due to the development of cracks at low stress lev-
els, weathering, creep, and aging effects. Two major reasons for the deterioration
of reinforced concrete are attributed to weather changes, including freezing and
thawing, and corrosion of reinforcing steel. The structure becomes more susceptible
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to weathering if protective finishing works are not completed within a reasonable
time frame from the completion of the structural system [1]. Common design con-
siderations make an implicit assumption about compressive strength and concrete
mechanical properties without much consideration of material life span and building
service life. In the 1940s, early construction materials research addressed the porous
nature of concrete and its vulnerability through exposure to exterior agents using
hydraulic pressure theory. It was found that susceptibility of concrete to changes in
weather, especiallywhen it involves frosting and thawing, increases significantlywith
porosity [2].

The majority of residential and office buildings in countries around the world
are built with reinforced concrete due to its ease of placement and construction.
The appeal of using concrete, advances in cement manufacturing technology, and
the development of higher strength formulas made reinforced concrete a sustainable
construction material [3]. In addition, concrete offers desirable features in terms of
low sound and thermal transmission, availability of local expertise and materials in
most countries. Whether in residential or office buildings, low noise transmission is
one of the typical serviceability requirements. With increasing interest and concern
for energy efficiency and environmentally friendly buildings, high thermal insulation
properties are sought after [4, 5].

Concrete technology is considered to have made large strides over the last sixty
years, which places it today at an advantage over other construction materials such
as unreinforced or reinforced masonry, and at almost equal footing with industrial
steel for a certain range of buildings. In fact, back in the 1950s and 1960s research
was conducted on the vulnerabilities of concrete as building construction mater-
ial, emphasizing fatigue combined with loss of material strength. Concrete exhibits
different behaviors under different stress states. Under simple compressive stress,
concrete exhibits a linear-elastic stress-strain curve until it reaches about one third
of its compressive strength because the small cracks remain closed [6–8]. Hydraulic
pressure and osmotic pressure theories were used for the purpose of early modeling
of concrete behavior [9].

Many researchers attribute the attractiveness of concrete to the fact that it lends
itself to almost any desired shape, and may be customized to any loading rate or
pattern. For example, it was shown in the mid-sixties that concrete resistance to
impact increases with the rate of application of the load and is positively correlated
with aggregate size [10]. However, cyclic loading in the range of 50% of f’c causes
a decrease in both the elastic modulus of concrete and its compressive strength and
exhibits hysteretic behavior. These findings indicate that concrete is vulnerable to
load reversals [11]. While considered a weakness, that same micro-crack formation
activates the internal friction in concrete, and its hysteretic behavior provides large
energy dissipation throughout the structure, attenuates response to dynamic loading,
and curbs motion amplification.

As discussed in the following sections, our interest in the present chapter is mainly
about changes in reinforced concrete properties especially those caused by deterio-
ration.
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2 Background: Reinforced Concrete in Use

Along with its vulnerabilities, concrete offers several advantages related to sustain-
ability and serviceability. It minimizes noise and vibration transfer, and has relatively
favorable thermal characteristics and applications in fire protection. Concrete also
offers strength suitable for a wide range of building heights as it has been used in
low-rise and high-rise building construction [12]. In 1919, the Japanese Urban Build-
ing Law limited the height of reinforced concrete buildings to 100 feet in an attempt
to minimize risk emanating from the use of such material. Further, lessons learned
in 1924 from Japan’s earthquake that imparted damage to reinforced concrete build-
ings were rapidly turned into Code upgrades [13]. Almost a century later, reinforced
concrete is used in high-rise construction with supporting Codes that provide the
design engineer with simplified procedures to perform the necessary calculations
while meeting some basic requirements related to ductility, energy dissipation, and
resilience in sustaining tremors [14, 15].

In the United States, the leap into skyscraper construction owes it by and large to
advances in industrial steel manufacturing, standard shape production, and accompa-
nying design guidelines [16, 17]. Another challenge faced by the steel construction
industry was posed by the scarce execution resources; workers, welders, forepersons,
and project managers. However, reinforced concrete remained a viable candidate for
high-rise construction with and without its combination with structural steel shapes
[18–20].

With the advantages of concrete, there are shortcomings related to environmental
impact, especially at itsmanufacturing stages [21]. Cementmanufacturing processes,
among other industries, came under scrutiny with the increased public awareness
about global warming and the negative effects of industrial activity on the environ-
ment [22, 23]. But using concrete entails more than just its manufacturing stages.
It involves mixing, placement, maintenance, and down the line disposal or recy-
cling [24, 25]. Crushing of recycled concrete has become a source of aggregates
and a means of avoiding volumes of dump material that is neither biodegradable,
nor suitable as soil. The approach of recycling concrete has also been applied in
bridge construction where reclaimed concrete is used [26, 27]. Testing and studies
performed on structural elements and sub-assemblages also showed that recycled
concrete was a viable construction material [28]. Concrete mixing processes gradu-
ally moved from individual mixers that belong to specific construction sites to ready
mix concrete factories. Although these factories provide economies of scale catering
from one source to various destinations, they pose problems in terms of increased
industrial activity. In many, if not most, countries where concrete is mainstream
material for the construction industry, factory emissions control is not yet a priority
on the environmental agenda [29, 30].
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3 Effect of Aging of Concrete on Strength

A dimension of great interest in construction material science is the durability and
performance of concrete [31, 32]. What factors affect its life time? How does it age?
How does concrete aging affect its strength and interaction with other materials?
Deterioration through exposure to weather conditions, effect of chemicals, and crack
formation are related in an intricate cause-and-effect [33, 34].

Concrete aging comprises a broader range of effects than chemical or mechanical
deterioration. Such effects which include creep and shrinkage have been researched
extensively in the 1950s and the 1960s and were found to have direct impact on
strength and serviceability [35, 36]. More recently, shrinkage effects were studied
further with the inclusion of recycled aggregates [37]. Aged concrete tends to dete-
riorate and to exhibit hairline cracks, which may grow and allow weather agents to
infiltrate and attack reinforcing steel causing loss of strength [38]. Loss of strength
may be dormant until it manifests itself in case of excessive loading beyond safety
margins. For this reason it is important to differentiate the effects of aging on static
from the effects on dynamic properties [39]. There are distinctive loading types that
cause fatigue and cyclic deformation which in turn contribute to the acceleration of
concrete aging, hence deterioration and drop in strength [40].

Conversely, overloading causes damage, crack formation, and hence deteriora-
tion that accelerates aging of concrete. In both cases, aging is an important aspect
of reinforced concrete performance, especially in seismic zones where structural
elements are expected to sustain reversal in loading, fatigue, and peak stress levels
that may exceed design levels dictated by Codes [41, 42]. Past research on aging of
concrete addressed deterioration at a material level, including transformation of the
microstructure. However, there is a need to address the cumulative effects on overall
structural response taking into consideration changes in material properties such as
compressive strength or splitting strength due to aging [43, 44].

American and European Codes have explicit criteria related to the control of
cracking and to the repair of damaged concrete [45, 46]. A question precedes a
repair proposal in that does the structure, or a structural member, lend itself to repair
or should it be disposed of, replaced, or re-cast? When this question is posed at
the level of the entire building that has undergone severe irreversible damage from
an earthquake, and may pose public hazard, demolition may be the only solution
[47]. Therefore, any concrete repair proposal, plan, or operation requires a priori a
meticulous assessment of the structural member and a detailed recommendation of a
course of action [48]. To reach a reasonable repair recommendation, an assessment
needs to reach tangible results such as the extent to which compressive strength
f ′
c has dropped, or permeability has changed, or porosity has increased by orders

of magnitude, among other parametric studies [49, 50]. To answer these questions,
it has been common place to take cores out of an existing structure and test the
cored samples at the lab. The challenge in this case is threefold. First, coring is an
intrusive testing methodology whereby cylinders have to be cut out of members.
Second, cores may not fully describe the structural health. Third, even the most
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professionally clustered cores do not accurately reveal to what extent the structure
has been subjected to loss of bond between the reinforcing steel and the surrounding
concrete [51, 52].

Loss of bond is therefore one of the most difficult phenomena to field-
test realistically, and therefore it is critical to develop new methodologies that reflect
how much a bond has weakened or total detachment has occurred between the rein-
forcing steel and the surrounding concrete [53]. It is also critical to relate this type
of damage to other properties of the building whether physical, or dynamic, such as
the natural frequency and equivalent viscous damping.

One of the well-documented consequences of de-bonding between steel and con-
crete is a significant drop in stiffness. So considering an unchanged mass—of course
unless substantial shake-off of concrete occurs—the frequency expressed as

√
k/m

clearly drops. This drop leads to a clear downwards shift in the building response
to a given earthquake. Such shift may create a discrepancy between the assumed or
anticipated structural performance during its design phase, and its actual real life
performance.

4 Basic Assumptions

Due to its anisotropic nature and its non-homogeneous mechanical properties, rein-
forced concrete requires special assumptions in the development of governing equa-
tions in design. In reinforced concrete design literature, the step-wise procedures
whether in textbooks or Codes adopt similar simplifying assumptions. Some of the
assumptions rely on basic mechanics, and others utilize strain compatibility. For
example, in the design of members subjected to bending, assumptions from basic
mechanics involve the consideration of plane sections remaining plane in flexure.
In the design of members subject to axial loads, mechanics assumptions involve the
uniformity of stress distribution on the entire cross section.

Assumptions of strain compatibility are not only a means to simplify calculations
and to reach coherent procedures for beam flexure, column axial-flexural interaction
equations, and other design formulas, but to also reflect a necessity in maintaining
that compatibility in real life applications [54]. This differentiation is very impor-
tant in design because it dictates the strength and serviceability performance once
the structure is put in operation. Depending on several factors which include mix
design, placement quality and procedures, or operational loads, strain compatibility
may not remain applicable throughout the lifetime of the building. Research litera-
ture addressed concrete aging and its effect on overall structural performance [55,
56]. Other studies addressed steel-concrete bond theoretically and experimentally
and found that it has a great effect on reinforced concrete member behavior. Early
research on bond comprised straight pull out tests that confirmed a significant change
in capacity with deterioration of bond [57, 58].
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5 Effect of Steel-Concrete Bond

5.1 Localized Versus Member Level Bond Effects

The bond between reinforcing steel and concrete governs the transfer of stress
between these two materials. A distinction should be drawn between bond at the
localized stress field level, and bond at the reinforced concrete member level. The
first category addresses themicro-structure interface whereby the concrete is crushed
by the steel lug edge [59, 60]. The second category addresses the cumulative effects
of rebar pull-out causing excessive rotation at beam-column joints or crack forma-
tion in the tension zone. These effects have a direct effect in the overall stiffness of
the structure. They can be modeled directly in the stiffness matrix and found mathe-
matically to impact eigenvalues yielding lower frequencies [61, 62]. Cyclic loading
causes alternation between tension and compression at the same member location,
and therefore requires the investigation of reversal of member forces computed from
static analysis.

5.2 Bond Deterioration at the Local Bar Level

Bond requires development length. If bond resistance deteriorates, reinforcing bars
are likely to slip and destroy the steel-concrete composite action. A severe loading
such as impulse or earthquakemay cause brittle failure. Therefore, bond has multiple
functions including overall strength and ductility. It is affected by many factors
including concrete cover, rebar spacing, bundling, and position. Depending on the
manufacturer, certain bars have ribs at an angle that influences bond and pull-out
behavior. It was shown in early research and testing that for the same configuration,
bond resistance to straight pull-out is greater under dynamic loading than it is under
static loading [63]. This conclusion may not hold under dynamic cyclic loads [64].

Research showed that bond strength decreases as bar diameter increases. This
conclusion shed light on the selection of reinforcing steel in practical design, follow-
ing the determination of a total required steel area [65]. For example a choice of #9
versus #6 bars would not only be affected by placement, but also by increasing the
contact surface, or the frictional interface. In this case, smaller bar diameters would
be favored, all other design parameters being equal.

Development length of bars was also studied with the effect of confinement. Other
factors being constant, ultimate bond stress varies as a function of f

′
c because it is

related to concrete tensile strength [66]. From traditional tri-axial stress relationships,
confinement causes an increase in f

′
c and provides larger normal stress between steel

and concrete.
Rebar placement, spacing, member width and anchorage also affect bond strength

in terms of concrete splitting failure [67]. Studies considering a variety of deformed
bar surface properties established a relationship between concrete cracking and



Effect of Reinforced Concrete Deterioration and Damage … 83

slippage along the embedment length. Results helped formulate resistance to pull-
out along embedment length [68]. Related research showed that since confinement
increases normal stress around the bar, it has a significant effect on bond [69].

5.3 Bond Slip Effects at the Member Level

The cumulative effects of localized bond slip result in overall drop in performance
at the reinforced concrete member level. In particular, beam-column joints would
undergo additional rotation beyond the level captured by linear elastic analysis [64].
Once reinforcing steel starts to move relative to concrete, the members connected at
the joints go through additional rotation relative to each other. Areas in the vicinity of
beam-columns joints in moment-resisting frames subjected to dynamic loading are
affected the most [62]. This result is expected because the energy imparted into the
superstructure by the earthquake is dissipated through ductile behavior at the joints
[70].

6 Model Development

6.1 Mathematical Derivation

We develop a mathematical model that represents the bond slip behavior. Consider
the ring of concrete in touch with the bar in between two consecutive lugs. Denote
by σ the normal stress exerted by the lug on the concrete. Consider the lug as having
an angle θ with the longitudinal axis of the rebar where 45◦ ≤ θ ≤ 90◦. Let db

denote bar diameter and tl the height of the lug above the steel surface. The area on
the wedge of the steel lug concentric to the bar axis is:

Ao = π

4

[(
2tl
sin θ

+ db

)2

− d2
b

]
(1)

For an embedment length ld , the resultant is:

Ro = σ sin θπ tl(tl + db)
ld
s

(2)

The projected lug area concentric to the rebar axis is:

At = π [tl + db] tl
tan θ

(3)
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The component of σ exerted on this area contributes to concrete splitting effect. Its
resultant is:

Rt =
∑

ld

σ cos θπ [tl + db] tl
tan θ

(4)

Rt = σ cos θπ [tl + db] tl
tan θ

ld
s

(5)

The concrete shear area adjacent to the lugis:

Acv = π [2tl + db]
[

2tl
tan θ

+ s

]
(6)

If fcv is the concrete shear strength, shear resistance is:

Rcv =
∑

td

fcvπ [2tl + db]
[

2tl
tan θ

+ s

]
(7)

Rcv = fcvπ [2tl + db]
[

2tl
tan θ

+ s

]
ld
s

(8)

The area of an infinitesimal element around the circumference of the steel segment
within the clear spacing of two consecutive lugs is:

d Ac = db

2
dαdx (9)

where dα is an infinitesimal angle about the rebar centroid, and dx is an infinitesimal
distance parallel to the longitudinal rebar axis. Among the range of deformed bar
patterns, the simplest pattern has lugs that are parallel to each other, spaced at about
1/2′′ to 1′′ and orthogonal to the bar axis.

To express the frictional resistance mathematically, we consider that the confine-
ment stress, denoted f

′
1 contributes to frictional resistance to motion, at both the

concrete-concrete interface and the steel-concrete interface. Denote μ the friction
coefficient, which depends on the pull-out displacement rate, ẋ = dx/dt and on the
angular location around the rebar periphery, α. The differential force due to friction
can be expressed as:

d Rs = μ(ẋ, α) f
′
1

(
db

2

)
.dα.dx (10)

The resultant is a double integral over α and x , over the inter-lug segment, summed
over the embedment length:
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Rs =
∑

ld

f
′
1

db

2

2π∫
0

s∫
0

μ(ẋ, α)dα.dx (11)

The inclusion of α in the expression ofμ is due to the fact that there may be localized
imperfections around the rebar such as air pockets, or a large aggregate instead
of bonding mortar, which may cause an uneven frictional resistance around the
circumference of the bar. Such local imperfections and their effects can be accounted
for separately through a safety reduction factor related to concretemix and placement
quality. As for the relative pull-out displacement rate or velocity range expected at
incipient bond slip, we consider that the steel-concrete friction coefficientis constant
along the embedment length. Applying these two simplifications to expression (11),
performing double integration, and summing over the development length, we have:

Rs = πμ f
′
1dbld (12)

Thederivation sheds light on the difference between reversible and irreversible effects
of loading. For a steel bar whose strength exceeds the bond slip load level, the effect
is considered reversible. However, if bond slip occurs at a load level below the
development of the bar strength the effect becomes irreversible.

6.2 Application to Static Equilibrium

The stress resultants in expressions (2), (5), (8) and (12) can be used in equilibrium
equations in the longitudinal direction. As discussed earlier, (2), (5) and (12) could
be extended into a dynamic equilibrium where the rate of change of the friction
coefficient, inertia effects, and other related factors, are accounted for. However,
the dynamic equilibrium is treated undera separate scope. Several cases could be
identified, which we simplify under two main conditions that are most relevant to
our scope. Case 1 pertains to the rebar reaching its full development function, while
Case 2 corresponds to a pull-out prior to reaching yield. An optimal equilibrium
would be reached under strength and economic conditions simultaneously. Denoting
by Ts the tensile force applied to the bar:

Ts = Ast fs (13)

where Ast is a single bar steel section and fs is the stress applied to that section. If
there is no bond slip, we have:

Ts = Ast fs ≤ Ro + Rs (14)
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otherwise, the bar would pull-out under the applied section stresses. In this case, we
have:

Ts = Ast fs ≥ Rcv (15)

Once the concrete shear resistance fails at the envelope layer, both the lug resistance
and the frictional resistance along the steel segment between the lugs no longer
contribute to bond. Research on steel-concrete friction coefficients shows that their
values vary between 0.47 and 0.7 depending on finishing parameters and other factors
[71, 72]. For the purpose of the present illustrative examples, we use 0.5. However,
the same present derivation and resulting formulas could used over a range for values
of the friction coefficient.

The relationship between bar tensile force and bond resistance for a No. 5 bar in
4000psi compression strength concrete is shown in Fig. 1, where tensile resistance
is plotted against development length factor. Yield forces in the bar are Ty (4)= 12.4
k and Ty (6) = 18.6 k for fy = 40ksi and fy = 60 ksi, respectively. Development
length required by ACI is 37 db, for fy = 40ksi, and 57db for fy = 60ksi. For
both fy values, inequality (14) is satisfied and the bar will yield before reaching the
pull-out limit. However, shear strengthin the concrete in the vicinity of the bond area
is enough to carry the bar to yield for fy = 40ksi, but bond slip will occur before the
bar yields for fy = 60ksi (Fig. 1). A similar analysis could be performed for various
bar diameters, concrete compressive strength, and steel yield stress.

Fig. 1 Bond and frictional
tensile resistance versus
development length factor
for No. 5 deformed bar in
4000 psi concrete
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7 Effect on Overall Structural Health

7.1 Effect of Bond Deterioration

Bond deterioration has a significant effect on local critical zones, and it has an
influence on the overall structural behavior, especially when subjected to dynamic
loading. The additional rotation at the joints due to bond slip exhibits hysteresis
behavior represented by a nonlinear curve [64, 70]. The force-deformation curve
starts with a straight line over the elastic range then reaches a plateau where the
joint rotates at no additional moment. When load reversal occurs, the joint starts
rotating in the opposite direction while engaging the bar in friction until it bears
against concrete. At that point, the bar on the opposite side of the beam starts its
pulling cycle. Theoretically, reversal exhibits equal and opposite values. But if decay
is included in the model, cycle i + 1 will exhibit deterioration with respect to cycle
i , until collapse of the joint, should the cyclic load continue.

7.2 Effect of Aging

Aging of concrete is one of the most determining phenomena in the behavior of
structures. Early studies in the 1950s followed by research at the turn of century
show continuous interest in long term effects in concrete behavior [32, 35]. There
are no standardized direct experimental processes to deliberately age concrete and
test it on that basis. For this reason, the most reliable lab for aging would be the
outdoors real life situation in cities where reinforced concrete constitutes the vast
majority of buildings.

Data collected in various cities in Lebanon was compiled by building age, con-
dition, and ambient environmental effects. A subset of 140 buildings was studied
analytically. But coring and compressive strength tests were performed on only 5
buildings that were considered as representative of the others in the sample. The
5 buildings are not statistically significant, but their results were within a coherent
range and therefore provided an indication of the state of the concrete in these older
buildings. Some of the cylinders gave a compressive strength as low as 790 psi.
The detailed field-related experiments were left outside the scope of this paper as a
subject of future research [73].

7.3 Effect of Design and Placement Quality

Mix and structural design, and placement quality are very important and have a direct
relationship with the two features above; bond deterioration and aging. Concrete
that is well proportioned has a superior longevity to concrete that is not. Structural
systems that are designed to withstand dynamic loading defined by code, will
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Table 1 Basic decision rule that differentiates localized damage from overall distress

Damage categories Potential causes Reversibility

Concrete cover spalling Under-designed cover Uncover, treat bars, provide
new cover

Mild rebar corrosion

Chunking around bars Stress exceeds design stresses Remove, track damage, rebar
implants, re-cast

Severe corrosion

Localized steel corrosion
stains

Lack of vibration during
placement

Uncover, treat bars, provide
new cover

Hairline cracks; air, water,
chemicals reach bars

Fluffy plaster, caulking, or
paint

Damage due to humidity or
water seepage

Uncover, treat bars, provide
new cover

Large structural cracks and
visible deflections

Bond deterioration Fix depends on localized
damage

Inject bond agent, cast shadow
member

Alternative solutions involve
exterior wrap

Beam-column joint slack Bond deterioration Building may pose hazard in
the following event

Bar pull-out Consider disposal

Fatigue, distress

Structure exhibiting
misalignment or out-of-plumb

Bond deterioration Dispose

Major loss of strength

obviously perform better than the ones that are not. Some of the field challenges that
we encountered had to do with all three components; mix, design, and placement.
In the present paper, we mention some of those challenges as they cannot be fixed
retroactively, but we shall rather provide a rational approach for decision-making in
terms of types of actions that could be taken.

A challenge in many less developed countries is the lack of code guidelines.
Another challenge is the poor or lack of supervision. Even when designed per Euro-
pean or US codes, the execution leaves room for mismanagement of resources and
potential mishaps during construction.

7.4 Remediation Choices

Although extensive research on reinforced concrete damage caused by bond deteri-
oration was performed in the 1960s, interest in bond effects for both steel and fiber
reinforced concrete resurged in later decades as seismic codes grew more stringent
[74, 75].
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For existing buildings, parameters needed to perform calculations may not be
easily available. To determine f

′
c in an older building, coring and testing may be

performed. But results from various parts of the same building may exhibit a large
spread [73]. A simpler decision rule involves the overall state of the building. Table1
provides a set of inspection results, with possible solutions. Three categories are
defined for strength, serviceability, and aesthetic requirements (Table1).

8 Effect on Dynamic Behavior

8.1 Effect on Fundamental Period

Studies conducted on beam-column assemblages attempted to cast complex dynamic
behavior in formulas. Approaches proposed in literature account for bond slip effect
on overall structural dynamic behavior [64, 76].

To get a preliminary result on dynamic performance, considera single bay and
three degrees of freedom, one translation u1 and two rotations at the joints, u2 and
u3, respectively. We have:

⎡
⎣ k11 k12 k13

k21 k22 k23
k31 k32 k33

⎤
⎦

⎡
⎣u1
u2
u3

⎤
⎦ =

⎡
⎣ fe

0
0

⎤
⎦ (16)

k∗
11u1 = fe (17)

where k∗
11 condenses the ki j stiffness coefficients (i = 1, 2, 3; and j = 1, 2, 3;

i �= 1, and j �= 1) and fe is the elastic force. The mathematical derivation is under
separate scope to focus here on the practical formulas for designers [73]. We define
a girder-column stiffness ratio:

ϕ = Ecg IgLc

Ecc Ic Lg
(18)

where Ecg and Ecc are the moduli of elasticity for the concrete in the girder and
in the column respectively, Ig and Ic are the moments of inertia of the girder and
column, respectively, and Lg and Lc are the span of the girder and column height
respectively. We have:

k∗
11 = Ecc Ic

L3
c

(
a + b.ϕ

c + d.ϕ

)
(19)

where a, b, c, and d, are constants that depend on column and girder properties
[73]. Degradation in girder-column stiffness ratio is denoted by δϕ . The drop in the
condensed stiffness term differs whether the deterioration is occurring in the girder
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Fig. 2 Drop in condensed
stiffness as a function of
deterioration in the girder
moment of inertia

or the column. In both cases, however, it results in a significant drop in natural
frequencies of the structural system. Figure2 shows the drop in stiffness due to
degradation in the girder, while Fig. 3 shows results for degradation in the column.

For a stiffness ratio of 5 that decreases 60% through deterioration of girder
moment of inertia, the condensed stiffness drops from 22 to 19.5. While for the
same stiffness ratio, 5, that decreases 60% through deterioration of column moment
of inertia, the condensed stiffness drops from 22 to 9 (Fig. 3). These numerical exam-
ples support the strong column weak girder approach in the seismic design of RC
structures.

The results can be related to linear elastic structural analysis using basic element
stiffness coefficients with various boundary conditions. For example, a free stand-
ing cantilever column whose top joint is allowed to rotate and translate without any
restraints has a lateral stiffness coefficient equal to 3EI/L3, where E , I and L are
the modulus of elasticity, moment of inertia, and span, respectively. If the top joint
of the column is fixed against rotation, but is allowed to translate horizontally, the
lateral stiffness coefficient is 12EI/L3. For a portal, the results in the first case yield a
coefficient of 6 and in the second case, a coefficient of 24. Therefore, the worst case
scenario of girder failure comprises bond deterioration in the girder at the column
face, leaving the joint in the column to rotate freely, or with very low deteriorated
rotational stiffness. The worst case scenario of column failure through bond deteri-
oration would be a hinge in the column leading to collapse, which is unacceptable
form a reinforced concrete design perspective.
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Fig. 3 Drop in condensed
stiffness as a function of
deterioration in the column
moment of inertia

9 Conclusions

Methodologies for predicting earthquake response of a structure based on its known
properties and for a given excitation are well established. The challenge resides in
the ability to define those properties, especially when the construction material is
susceptible to substantial changes through time, or in the wake of a tasking event.
For reinforced concrete structures, these two factors are particularly important; aging
of concrete is accompanied by shrinkage and creep effects, and events such as earth-
quakes could drive the members into reversals that change their mechanical proper-
ties. What makes the analysis and design of reinforced concrete more demanding is
that related formulas are based on strain compatibility assumptions. These assump-
tions that of steel and concrete deforming in compatible increments as the elements
develop nominal strength, do not hold throughout the life of the reinforced concrete
member. These assumptions become less applicable to real life behavior when con-
crete elements age or undergo cyclic loading. Another challenge is related to the
possibility of performing tests on various lifetime intervals to ascertain, or adjust,
properties in models. The use of field sampling to determine concrete compressive
strength may be performed by coring and lab testing. However, field-testing for bond
deterioration is much more complex and cannot be determined by sampling an exist-
ing structure. Loss of bond between reinforcing steel and surrounding concrete is a
complex, internal, often invisible phenomenon that is hard to capture through com-
mon sampling techniques. The model developed in the present paper analyzes the
structural health of reinforced concrete buildings taking into consideration concrete
damage through loss of bond. The analytical model relates steel loading that causes
bond distress to design parameters such as development length and bar properties.
Potentially, new methodologies for field measurements could be developed to target



92 M.S. Chalhoub

bond deterioration through the observation of dynamics properties. This is based
on the premise that loss of bond leads to reduced stiffness which results in lower
natural frequencies. Those reduced or modified stiffness coefficient could be calcu-
lated for mass values kept constant. The analytical model could be checked against
the dynamic model and could be complemented by field measurements in future
research. The diagnosis method presented in this paper discusses the sustainabil-
ity of the structure and offers a simplified decision rule whether to perform minor
fixes, major rehabilitation, or disposal. The model draws a distinction between joint
damage in the girder as opposed to the column, and makes the case for weak-girder
strong-column design. Plastic joints formed in the girder may potentially lend them-
selves to concrete repair, while plastic hinges in the column may cause catastrophic
collapse, and thus make the structural health condition irreversible. Empirical results
were partially used and discussed to illustrate field challenges that are faced when
the structure is subjected to earthquake motion or other severe conditions such as
impulse loading.
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