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Abstract: The need for concrete condition assessment for existing buildings increases because of
high disaster vulnerability levels, as well as a large number of buildings that have reached their
age of use. Currently, there is not any standard reference for assessing concrete condition rating
yet, so a concrete condition assessment method that can be measured quantitatively needs to be
developed. The developed concrete condition assessment method combines concrete condition
assessment based on visual inspection and testing. Assessment measures start with an assessment of
visual inspection results, which is continued with concrete compressive strength testing. This article
contains a concrete condition assessment based on concrete compressive strength testing. This method
determines the concrete condition rating scale using five condition ratings as a reference for building
condition assessment. The limit value of each condition rating is taken from concrete compressive
strength values that are structurally sufficient, according to the structural concrete requirement code
for buildings. Concrete compressive strength values have resulted from non-destructive tests and
destructive or loading tests. Building condition rating (BCR) value determination factors in the effect
of structure element damage towards building structure and concrete testing result accuracy rating,
and also can decrease inaccuracy towards concrete quality condition rating determination on scale
limit values, and minimize error risks in determining damage condition rating. The resulting method
has the advantage of assessing structure element condition rating and building condition rating
(BCR) that can be measured quantitatively, has five assessment scale ratings that can portray building
conditions having to be demolished, and calculates structure element critical weight.

Keywords: condition rating; building assessment; concrete structure; concrete compressive strength

1. Introduction

Concrete quality condition rating determination is a procedure where concrete struc-
ture condition is assessed based on the existence of field concrete quality discrepancy
to the design concrete quality. The need for building condition assessment is currently
rising because of a relative increase in natural disaster risk and the number of buildings
that have reached their designed life expectancy. Periodical assessment of a building is
conducted to ensure building reliability. Building reliability requirement assessment in-
cludes fulfilling building safety, health, comfort, and ease of use requirements. One of the
safety requirements includes building structure requirements. To fulfill building safety
requirements, existing buildings need to be maintained, repaired, or even demolished if
building conditions cannot be maintained [1].
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Building owners or building management frequently ignore a building’s condition as
long as it is still operational, and they do not practice proper building assessment due to
cost considerations. However, building condition assessment can lower the risk of further
building damage. Ignoring it like that can increase the risk of building users’ safety and
comfort and result in even higher reparation costs than the assessment cost. Assessment is
not only conducted on post-disaster buildings or deteriorating buildings but also healthy
buildings. Assessment results will describe the building condition and can provide the
possible steps needed for buildings in bad conditions [2].

The first step to identifying building structure conditions is conducted by control
inspection in the form of visual assessment. The lack of control inspection can speed up the
building damage process and will result in damage reparation costs. In addition, control
inspection will affect a building’s functionality [3]. Visual assessment is the first measure
in evaluating a building structure for continuous use or change, analyzing strength or
deformation, and determining maintenance and rehabilitation needs [2]. Material condition
rating on existing buildings is conducted using the visual assessment method, as well as
testing composed of non-destructive and destructive testing from field and laboratory [1].

Building structure condition assessment can be conducted in two ways: early assess-
ment and structure detail assessment. In early assessment, technical documentation study
and visual assessment are performed. In structure detail assessment, reliability level is
determined based on structure evaluation results after identifying existing building mate-
rial quality. Existing building material quality is obtained from an arrangement of tests,
non-destructive or destructive. In buildings with concrete structures, concrete material
quality can be identified from testing results in the form of concrete compressive strength,
concrete homogeneity quality, and reinforcing steel quality. Existing reinforced concrete
material quality data will be used as input in building structure analysis to identify the
existing structural component’s ability to carry the design load. This building structure
condition assessment is needed to identify existing building condition ratings (BCR). The
condition rating is a numerical indicator that functions to give a rating. Assessment is
meant to evaluate the real condition of the existing building structure, which shows the
existence of a safety factor that is adequate against the load [1].

Concrete quality condition rating that is determined to perform reliability assessment
needs to have a reference rating as a condition comparison scale. Therefore, an acceptable
value is needed [4]. However, there is a problem, which is the method by which an
acceptable structure condition rating is identified. Therefore, the structure reliability level
can be determined based on the design target reliability level [5]. Reliability is the ability of
a structure or structure element to fulfill the specific requirements in carrying the design
loading according to the condition determined within a specific timeframe. A structure
has the right reliability level if it fulfills the requirements and reaches a specific target
level against the serviceability limit state, ultimate limit state, and structural integrity.
Several condition rating assessment scales have been developed worldwide to overcome
the qualitative nature of condition rating assessment based on visual assessment. The scale
provides a measured condition in terms of damage and the proper reparation steps [6].

Condition rating assessment that is already developed using a concrete condition ratio
scale is a concrete condition rating assessment based on visual examination [6–11]. Aside
from that, there are also several researchers that have already developed concrete condition
rating assessments based on concrete compressive strength testing with the destructive
and non-destructive concrete testing types [12–14]. Concrete damage condition rating
on existing buildings uses data from visual assessment, hammer test, ultrasonic pulse
velocity (USPV) test, half-cell potential HCP test, and carbonation test results. The concrete
condition rating scale and reference refer to the British Standards Institution [12]. Risk
rating assessment on existing buildings uses data from hammer tests. Scale and reference
are determined based on rebound value [13]. Bridge condition rating assessment uses data
from the visual assessment, crack factor, and non-destructive testing factor by taking into
account the important weight value that is processed with the analytical hierarchy process
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(AHP) method. Non-destructive tests consist of resistivity meter, ultrasonic pulse velocity
(UPV) test, and hammer test [14].

Concrete condition rating assessment is highly needed to portray all building condi-
tions that can happen in situ, which is anywhere between the best condition rating and the
worst—in which case the building cannot be used anymore. To implement this assessment,
a scale and reference that can accommodate all BCR possibilities measured quantitatively
for existing buildings need to be developed. This research develops a concrete condition
rating assessment method to determine concrete structure condition rating based on in
situ concrete compressive strength. The assessment method developed in this research is a
method with the following novelty:

- Has a condition rating scale that can be used to assess a building up to the worst
condition, where a building cannot be maintained anymore and has to be demolished.

- Takes the building structure element’s critical weight into account.
- Minimalizes inaccuracy in condition rating determination from the in situ concrete

compressive strength that exists within the limit point.
- Determines BCR based on concrete compressive strength with higher reliability to

avoid the risk of building failure.

The resulted assessment method is used to identify whether the building is in good
condition, requires concrete compressive strength testing, requires structure reinforcement
or load reduction, or is no longer usable. This assessment method exists on the limit of
the building examination measure and is not included in the structure redesign process.
This examination measure consists of in situ building damage survey, visually or user
testing, and building damage analysis using the resulted assessment method. If assessment
results show that the building is in a condition that requires structural reinforcement
or load reduction, the following step will be left up to the structure consultant to begin
structure reinforcement design. This assessment method is used during the building’s
routine maintenance periods to provide a feeling of safety and comfort to building users.

2. Materials and Methods

The concrete condition rating assessment method is meant to evaluate existing concrete
conditions towards building structure safety that is determined based on visual inspection
and in situ testing. Based on the terms of SEI/ASCE (2000), assessment begins with a visual
inspection, then is followed by in situ testing. Visual inspection assesses physical damage
on the concrete surface in the form of cracks, scaling, spalls, and others [15]. Wiyanto et al.
(2021) determined twenty types of concrete damage caused by poor implementation that
is assessed with a visual inspection. Every damage type has different condition rating
values. Concrete damage can happen because of environmental factors, such as chemical
factors and disasters. Damage types resulting from those factors have different shapes
and condition rating values from damage resulting from poor implementation. Concrete
condition rating assessment results with a visual inspection will show whether assessment
in the form of testing needs to be implemented on the building. Then, testing is conducted
with in situ testing in the form of non-destructive and destructive or loading tests. This
assessment result shows whether the building is in good condition and can be used, the
structure needs to be strengthened, or weight needs to be reduced. If it needs structure
reinforcement or load reduction, then it must be followed with a structured design that
considers the compressive strength and flexure strength implemented by the planner
consultants. This article is limited to building condition rating (BCR) assessment based
on concrete compressive strength testing during the building assessment phase and does
not include the structural design phase. The condition rating is determined with the
following steps:

- Determining condition rating scale that will be the reference in performing exist-
ing building concrete structure condition rating based on the concrete compres-
sive strength.
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- Determining structure element condition rating and BCR by referring to the resulting
rating scale.

2.1. Condition Rating Scale and Reference

Assessment development is conducted by determining a concrete condition rating
scale and reference for assessment based on concrete compressive strength testing, which is
equal to the assessment based on a visual assessment to be applied in Indonesia. For the
sake of comparison, a literature study has been conducted regarding concrete condition
rating scale and reference [9,12,16–18].

Currently, there is no basic standard for concrete condition rating assessment based on
testing and visual assessment. The existing standard is a standard for concrete compressive
strength testing processes. To determine building concrete condition rating, a measuring
tool in the form of a condition rating scale and reference is needed. Scale and reference
are determined based on concrete damage conditions and concrete compressive strength
requirements that are described from very good to very bad conditions. Very good means
that the building entirely fulfills the design concrete compressive strength requirements.
Very bad means that the building is in such a low concrete quality condition that the
building cannot be used anymore or has to be demolished. For a lower concrete compressive
strength condition than the design condition, the reduction amount needs to be determined,
as well as the steps needed to handle it on each level. The value on each scale limit
point is determined based on the concrete compressive strength acceptance value for
high-rise building structures according to Indonesian National Standards [19,20]. The
acceptance value of each condition rating is determined by the ratio of the in situ concrete
compressive strength value to the design concrete compressive strength value. In situ
concrete compressive strength is taken from in situ testing results that are implemented with
non-destructive or destructive testing. Design concrete compressive strength is taken from
structure design according to the building function. This scale can be used as a reference
to assess existing buildings in the form of buildings with reinforced concrete structures.
The resulted condition rating scale from this research is determined by combining the
scale for visual assessment with the scale for concrete compressive strength testing so
that it can be used to perform building condition assessment based on destructive and
non-destructive testing.

2.2. Condition Rating Determination

Concrete testing type identification is grouped based on non-destructive and destruc-
tive testing. Concrete testing type identification on buildings refers to standards [1,21].

Debates often happen about concrete compressive strength values that exist near the
limit point. To anticipate it, the fuzzy logic method is used to determine condition rating
values. The condition rating of each test is determined based on in situ test results referring
to the determined condition rating scale and reference. Structure element condition rating
is determined for all testing types that are processed with the fuzzy logic method, with the
following equation [22,23]:

CRse =

n
∑

i=1
µ f ′c,inin

n
∑

i=1
µ f ′c,in

(1)

where CRse is the structure element condition rating, µf’c,in is the membership function from
in situ concrete compressive strength, f’c,in is in situ concrete compressive strength, and in
is the condition rating from the reviewed point. The condition rating is determined based
on f’c,in which results from each test type, destructive or non-destructive. The concrete
compressive strength testing type used in this assessment method is the hammer test or
ultrasonic pulse velocity (UPV) test for the non-destructive test and the core drill test or
loading test for the destructive test.
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Condition rating resulting from concrete compressive strength testing is determined
based on the membership function from the concrete compressive strength values on each
scale. Condition rating from concrete compressive strength value is determined based
on the membership function from in situ and laboratory testing results. The membership
function is used to map out concrete compressive strength into the membership degrees
with a shoulder-shaped curve representation function [22,23]. Condition rating boundary is
taken from the determined concrete condition rating scale and reference, which is very good,
good, medium, bad, and very bad. The boundary point uses a comparison between in situ
and design concrete compressive strength. The shoulder curve portrays the membership
function on the concrete compressive strength resulting from this research.

Each structure element has a different critical risk according to the function of each
element in the building structure. Therefore, this building damage condition rating assess-
ment will take the critical weight of each structure element into account. Wiyanto et al.
(2020) have determined the critical weight for four structure element types, as shown in
Table 1. These critical weight values will be used to determine the BCR.

Table 1. Structure element critical weight.

Structural Elements Critical Weight (w)

Shear wall (sh) 1
Column (c) 1

Beam (b) 0.7
Slab (s) 0.5

BCR assessment as a whole based on concrete compressive strength testing is deter-
mined with the weighted average method, which takes structure element critical weight into
account. This structure element critical factor value is used to assess high-rise reinforced
concrete building structures. The BCR is determined with the following equation [12,23]:

BCR =
∑n

se=1 wse.CRse

∑n
se=1 wse

(2)

where BCR is the building condition rating, wse is the structure element critical weight,
and CRse is the structure element condition rating. The resulted BCR shows the building
damage condition with the criteria and the action needed based on the damage condition.
BCR similarity, as a whole, can also be used to determine condition rating per floor or
building zone.

The results from the assessment method can be used to assess all physical conditions of
buildings with reinforced concrete structures, whether the building is healthy or collapsed
according to the research goals. There are no limits regarding the number of floors, building
function or building life in using this method because all concrete compressive strength
values used are in accordance with the in situ and design condition of each assessed
building. Validation of the concrete damage condition rating assessment method resulted
has already been conducted by applying a visual-based assessment method and testing on
eleven existing buildings. This assessment method is applied to existing buildings with
reinforced concrete structures that have different types, functions, and building life. These
buildings are high-rise buildings with between 3 to 45 floors, between 10 to 58 years of
building a life, and function as apartments, malls, offices, parking lots, factories, and hotels.
Concrete compressive strength testing is conducted with non-destructive testing in the
form of hammer test and UPV test. The building condition rating (BCR) value resulting
from this method matches the results from the investigation and assessment conducted by
the assessor consultant on the same building.
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3. Results and Discussion

Concrete structure condition rating determination refers to the condition rating scale.
Condition rating scale and reference are determined as a value between visual examination-
based assessment and testing. This research determines a condition rating assessment
scale with five ratings described as very good, good, medium, bad, and very bad, with
damage condition and the appropriate follow-up for each rating, from the lightest, which
is no repairs needed, to the heaviest where the building has to be demolished. The lowest
condition rating can portray the worst condition of a building. For condition rating
assessment based on testing, criteria in the form of limit values on each rating are needed.
Criteria are determined using the concrete compressive strength acceptance value of the
building structure. The acceptance limit value of each condition rating is determined by the
ratio between the in situ and design concrete compressive strength values. In situ concrete
compressive strength is obtained from in situ testing results. Testing is conducted from light
testing in the form of non-destructive testing to heavy testing in the form of destructive
testing. This condition rating scale determination as existing building condition rating
(BCR) assessment reference up to the condition where the building has to be demolished is
a research novelty that has not been portrayed in previous research [6,10,12–14]. Concrete
damage condition rating characteristics for each condition rating can be seen in Table 2.

Table 2. Concrete damage condition rating characteristics.

Condition
Rating Description Criteria Damage Condition and Measure

1 Very Good
(VG) rf’c ≥ 100% f’c,d No damage.

No repairs are needed, but routine maintenance is needed.

2 Good
(G) 85% f’c,d ≤ rf’c < 100% f’c,d Light damage.

Repair is needed in routine maintenance.

3 Medium
(M) 75% f’c,d ≤ rf’c < 85% f’c,d Medium damage.

Further testing is needed as soon as possible.

4 Bad
(B) 50% f’c,d ≤ rf’c < 75% f’c,d Heavy damage.

Structure needs to be strengthened, or load needs to be reduced.

5 Very Bad
(VB) rf’c < 50% f’c,d Very heavy damage or critical damage.

Cannot be maintained or demolished.

Each condition rating has a value limit that is determined based on the percentage
from the concrete compressive strength acceptance values according to Indonesia National
Standards [19]. Concrete is considered structurally sufficient if the concrete compressive
strength is at least 85% based on core drill testing. If the concrete compressive strength is
below 85%, loading testing is implemented. If the concrete compressive strength is below
75%, the building can be maintained by implementing a strengthened building structure or
decreasing the building load in its usage. The lowest value limit is determined based on
assessment results on the questionnaires. If the concrete compressive strength is below 50%,
then structure reinforcement or load decrease in building usage is unreasonable in terms of
its costs and its risk to the building users’ safety. rf’c is the percentage of in situ concrete
compressive strength value (f’c,in) against the design concrete compressive strength (f’c,d).
This resulted condition rating scale will be the reference in the next process, which is
concrete condition rating determination for the existing upper building structure.

In the assessment process, inaccuracy can happen in determining the condition rating
of an in situ concrete compressive strength value that exists within the condition rating limit
point area. To accommodate this problem, condition rating determination in this research is
developed with the fuzzy logic approach. Structure element condition rating is determined
based on membership function from the condition rating of each reviewed point. Structure
element condition rating is determined for all concrete compressive strength testing types
that are implemented on the assessed building structure element. Membership value is
determined using the functional approach that is represented by a shoulder curve [22,23].
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The shoulder curve portrays membership function from in situ concrete compressive
strength (f’c,in) that is compared to the design concrete compressive strength (f’c,d). The
boundary point for each condition rating refers to the description and criteria in Table 2.
The relationship between the membership function and the in situ concrete compressive
strength in each condition rating is illustrated in Figure 1.

Figure 1. Membership function from concrete compressive strength.

Based on the illustration depicted in Figure 1 is determined membership function on
each concrete condition rating which is described in the following equations:

• Very Bad Condition Rating

rf’c < 50% f’c,d; therefore µf’c,in = 1
50% f’c,d ≤ rf’c < 62.5% f’c,d; therefore µf’c,in = 5 − 8 rf’c
rf’c ≥ 62.5% f’c,d; therefore µf’c,in = 0

(3)

• Bad Condition Rating

rf’c < 50% f’c,d or rf’c ≥ 80% f’c,d; therefore µf’c,in = 0
50% f’c,d ≤ rf’c < 62.5% f’c,d; therefore µf’c,in = 8 rf’c − 4
62.5% f’c,d ≤ rf’c < 80% f’c,d; therefore µf’c,in = 4.57 − 5.71 rf’c

(4)

• Medium Condition Rating

rf’c < 62.5% f’c,d or rf’c ≥ 92.5% f’c,d; therefore µf’c,in = 0
62.5% f’c,d ≤ rf’c < 80% f’c,d; therefore µf’c,in = 5.71 rf’c − 3.57
80% f’c,d ≤ rf’c < 92.5% f’c,d; therefore µf’c,in = 7.40 − 8 rf’c

(5)

• Good Condition Rating

rf’c < 80% f’c,d or rf’c ≥ 100% f’c,d; therefore µf’c,in = 0
80% f’c,d ≤ rf’c < 92.5% f’c,d; therefore µf’c,in = 8 rf’c − 6.40
92.5% f’c,d ≤ rf’c < 100% f’c,d; therefore µf’c,in = 13.33 − 13.33 rf’c

(6)

• Very Good Condition Rating

rf’c ≥ 100% f’c,d; therefore µf’c,in = 1
92.5% f’c,d ≤ rf’c < 100% f’c,d; therefore µf’c,in = 13.33 rf’c-12.33
rf’c < 92.5% f’c,d; therefore µf’c,in = 0

(7)

where f’c,d is the design concrete compressive strength, µf’c,in is the in situ concrete compres-
sive strength membership function, and rf’c is the percentage of in situ concrete compressive
strength value (f’c,in) against the design concrete compressive strength (f’c,d). Based on this
membership function value, a concrete condition rating based on testing can be determined
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with the CRse equation for each non-destructive and destructive testing type. Based on
the µf’c,in value on each condition rating (Equations (3)–(7)), the condition rating value
(Table 2), and the structure element condition rating equation (Equation (1)), CRse is there-
fore determined for each concrete compressive strength value as shown in Table 3.

Table 3. Structure element condition rating.

Concrete Compressive Strength Structure Element Condition Rating (CRse)

rf’c < 50% f’c,d 5
50% f’c,d ≤ rf’c < 62.5% f’c,d 9 −8 rf’c
62.5% f’c,d ≤ rf’c < 80% f’c,d 7.57 − 5.71 rf’c
80% f’c,d ≤ rf’c < 92.5% f’c,d 9.4 − 8 rf’c

92.5% f’c,d ≤ rf’c < 100% f’c,d 14.33 − 13.33 rf’c
rf’c ≥ 100% f’c,d 1

The BCR can be determined directly as a whole or can be determined per building
floor or zone with the BCR equation (Equation (2)). BCR determination has to take the
condition rating value on each floor or zone into account to avoid the risk of building
collapse. BCR value is affected by CRse value. Structure element condition rating value
(CRse) is determined based on the concrete condition rating value resulting from in situ
concrete compressive strength testing, which is from non-destructive and destructive
testing. For building structure elements that are tested with non-destructive and destructive
testing, structure element condition rating values are not determined by the average values.
However, structure element condition rating assessment is taken from concrete compressive
strength values resulting from testing with higher reliability to avoid a higher condition
rating than the real condition, which can cause building collapse. Concrete compressive
strength testing with destructive testing is more reliable compared to non-destructive
testing. Because destructive testing is implemented on the building’s core concrete, while
non-destructive testing is implemented on the concrete surface [24–26]. If non-destructive
and destructive testing results exist in different condition ratings, the more reliable result
from destructive testing will be taken. If the average concrete compressive strength value
between both testing types is taken, it may result in a condition rating that is higher than
the destructive testing results, which portrays a better building condition than reality. This
will result in a high risk of building collapse. To prove this issue, a simulation has been
conducted to a concrete condition rating determination that is taken from the average
values resulting from non-destructive and destructive testing. From simulation results, the
probability of condition rating increases on each combination. If condition rating values
are taken from the average values resulting from non-destructive and destructive testing
results, they can be identified. The probability of an increase in the resulted condition
rating can be seen in Table 4.

Table 4 shows that there is a 22% to 86% probability that the average condition rating
value from both testing types is 1 rating higher than the condition rating based on reliability
rating. There is even a 4% chance of an increase by 2 ratings. There is a 70% chance that
poses a lot of risk on the assessment result, which is a combination of condition rating 3
on the destructive test and condition rating 2 on the non-destructive test. This condition
poses a risk to the building safety, keeping in mind that test results on conditions ratings 2
and 3 are the most common conditions in situ. Therefore, the structure element condition
rating value (CRse) from the non-destructive and destructive tests implemented in the same
location is determined as such:

- If the structure element CRse obtained from the concrete compressive strength value
resulting from non-destructive testing is not uniform, it means different condition
ratings exist, and therefore destructive testing is needed.

- If CRse,nd is random, then perform destructive testing.
- If the structure element CRse obtained from non-destructive testing exists within the

medium or worse condition rating, then destructive testing is needed.
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- If CRse,nd ≤ CRse,md, then perform destructive testing.
- If the structure element CRse obtained from concrete compressive strength testing

value resulting from non-destructive and destructive testing does not exist within the
same condition rating, then take the condition rating value resulting from destruc-
tive testing.

- If CRse,nd 6= CRse,d, then take the CRse,d value.
- A loading test is needed if the structure element CRse obtained from concrete com-

pressive strength testing value resulting from destructive testing exists within the bad
or worse condition rating.

- If CRse,d ≤ CRse,bd, then perform the loading test.
- If the structure element CRse obtained from concrete compressive strength testing

value resulting from destructive testing and loading test does not exist within the
same condition rating, then take the condition rating value resulting from loading test.

If CRse,d 6= CRse,lt, then take the CRse,lt value.
The determined structure element CRse is used to determine the building condition

rating value as a whole (BCR), as shown in Table 5.

Table 4. The increment in the condition rating values resulting from the assessment.

Condition Rating
Based on Testing Condition Rating

Based on
Average Results Testing

Condition Rating
Based on

Reliability Rating
Probability Description

Non-
Destructive Destructive

4 5 5 5 74% Appropriate
4 5 4 5 26% Higher rating
3 5 5 5 39% Appropriate
3 5 4 5 61% Higher rating
2 5 5 5 14% Appropriate
2 5 4 5 86% Higher rating
3 4 4 4 78% Appropriate
3 4 3 4 22% Higher rating
2 4 4 4 28% Appropriate
2 4 3 4 68% Higher rating
2 4 2 4 4% Higher rating
2 3 3 3 30% Appropriate
2 3 2 3 70% Higher rating

Table 5. Building condition rating determination.

Structure Element Condition Rating Building Condition Rating

CRse,nd random, or
CRse,nd ≤ CRse,md, or

CRse,nd 6= CRse,d

e
∑

se=1
wseCRse,d

e
∑

se=1
wse

CRse,d ≤ CRse,bd, or
CRse,d 6= CRse,lt

e
∑

se=1
wseCRse,lt

e
∑

se=1
wse

where wse is the structure element type critical weight, CRse,nd is the structure element condition rating from
non-destructive testing, CRse,d is the structure element condition rating from destructive testing, CRse,lt is the
structure element condition rating from loading testing, CRse,md is the medium structure element condition rating,
and CRse,bd is the bad structure element condition rating. Structure element critical weight for shear wall and
column = 1, beam = 0.7, and slab = 0.5. Non-destructive concrete compressive strength testing uses a hammer test
or ultrasonic pulse velocity (UPV) test, and destructive concrete compressive strength testing uses a core drill test
or loading test.

To explain the proposed testing-based concrete condition rating assessment method,
this method is applied to two buildings. These buildings are annotated as Building A
and Building B. These buildings are a 13-year-old 8-storey high-rise mall building and a
20-year-old 3-storey factory building. Building A’s design concrete compressive strength is
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41.5 MPa, and Building B’s is 33.2 MPa. Testing is conducted with non-destructive testing
in the form of a hammer test. Based on the structure element concrete compressive strength
data resulting from in situ testing, a concrete condition rating assessment is implemented
on Building A and Building B, the results of which are shown in Tables 6 and 7.

Table 6. Building A condition rating assessment.

Element
Number

Test Results in µf’c,in

CRse wse BCRf’c,in
(MPa) rf’c

Upper
Bound

Lower
Bound

Upper
Bound

Lower
Bound

1 32.79 0.79 3 4 0.94 0.06 3.06 0.7

1.38

2 34.28 0.83 2 3 0.24 0.76 2.76 0.7
3 46.90 1.13 - 1 - 1 1 0.7
4 45.32 1.09 - 1 - 1 1 0.7
5 43.66 1.05 - 1 - 1 1 0.7
6 40.50 0.98 1 2 0.73 0.27 1.27 0.7
7 43.66 1.05 - 1 - 1 1 0.7
8 42.08 1.01 - 1 - 1 1 0.7
9 42.08 1.01 - 1 - 1 1 0.5

10 43.66 1.05 - 1 - 1 1 0.5
11 48.47 1.17 - 1 - 1 1 0.5
12 43.66 1.05 - 1 - 1 1 0.5
13 37.35 0.90 2 3 0.80 0.20 2.20 0.5
14 46.90 1.13 - 1 - 1 1 0.5
15 48.47 1.17 - 1 - 1 1 0.5

Building A condition rating assessment results show a condition rating of 1.38. Refer-
ring to Table 2, Building A can be included in the ‘good’ condition rating, with follow-up
in the form of reparation within the building’s routine maintenance scope. However, there
are parts of the structural element that exist between the ‘good’ and ‘medium’ condition
ratings. Therefore, further testing in the form of destructive testing with a core drill test
needs to be implemented on that element of Building A.

The Building B condition rating test results show a condition rating of 1.96. Therefore,
referring to Table 2, it is determined that Building B can be included in the ‘good’ condition
rating, with follow-up in the form of reparation within the building’s routine maintenance
scope. However, considering the condition rating value of 2.30 in zone 1, it means that zone
1 is within the ‘medium’ condition. Therefore, further testing in the form of destructive
testing with a core drill test needs to be implemented in zone 1 of Building B.

Based on this explanation, it can be seen that this assessment method results in a value
that can be measured quantitatively to portray a building’s condition rating, with follow-up
appropriate to the condition of each assessed building. Mapping concrete compressive
strength value into the membership function can remove inaccuracy in determining condi-
tion rating from each concrete compressive strength value resulting from in situ testing,
especially for concrete compressive strength values near the condition rating boundary
points [22,23]. Condition rating value can portray a building’s performance. Condition
rating values are not directly proportional to a building’s age. A building that is designed
and implemented according to the existing rules is used according to its intended function.
It is also regularly maintained along with its usage, which yields a higher condition rating.
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Table 7. Building B condition rating assessment.

Element
Number

Test Results in µf’c,in

CRse wse BCRf’c,in
(MPa) rf’c

Upper
Bound

Lower
Bound

Upper
Bound

Lower
Bound

Zone 1
1 33.17 1.00 - 1 - 1 1 1

2.30

2 28.39 0.86 2 3 0.48 0.52 2.52 1
3 31.27 0.94 1 2 0.20 0.80 1.80 1
4 29.88 0.90 2 3 0.80 0.20 2.20 1
5 29.88 0.90 2 3 0.80 0.20 2.20 1
6 29.88 0.90 2 3 0.80 0.20 2.20 1
7 28.56 0.86 2 3 0.48 0.52 2.52 1
8 28.43 0.86 2 3 0.48 0.52 2.52 1
9 30.38 0.91 2 3 0.88 0.12 2.12 1

10 26.89 0.81 2 3 0.08 0.92 2.92 1
11 26.89 0.81 2 3 0.08 0.92 2.92 1
12 28.39 0.86 2 3 0.48 0.52 2.52 1
13 28.39 0.86 2 3 0.48 0.52 2.52 1
14 29.64 0.89 2 3 0.72 0.28 2.28 1
15 29.88 0.90 2 3 0.80 0.20 2.20 1
16 29.88 0.90 2 3 0.80 0.20 2.20 1
17 30.17 0.91 2 3 0.88 0.12 2.12 1
18 28.05 0.84 2 3 0.32 0.68 2.68 1

Zone 2
1 35.86 1.08 - 1 - 1 1 1

1.65

2 34.28 1.03 - 1 - 1 1 1
3 37.35 1.13 - 1 - 1 1 1
4 35.86 1.08 - 1 - 1 1 1
5 35.86 1.08 - 1 - 1 1 1
6 28.30 0.85 2 3 0.40 0.60 2.60 1
7 31.29 0.94 1 2 0.20 0.80 1.80 1
8 29.88 0.90 2 3 0.80 0.20 2.20 1
9 28.61 0.86 2 3 0.48 0.52 2.52 1

10 34.28 1.03 - 1 - 1 1 1
11 31.29 0.94 1 2 0.20 0.80 1.80 1
12 28.39 0.86 2 3 0.48 0.52 2.52 1
13 35.86 1.08 - 1 - 1 1 1
14 35.86 1.08 - 1 - 1 1 1
15 29.14 0.88 2 3 0.64 0.36 2.36 1
16 35.86 1.08 - 1 - 1 1 1
17 31.29 0.94 1 2 0.20 0.80 1.80 1
18 31.29 0.94 1 2 0.20 0.80 1.80 1
19 26.89 0.81 2 3 0.08 0.92 2.92 1

Zone 3
1 34.28 1.03 - 1 - 1 1 0.5

1.93

2 34.28 1.03 - 1 - 1 1 0.5
3 34.28 1.03 - 1 - 1 1 0.5
4 28.39 0.86 2 3 0.48 0.52 2.52 0.5
5 32.79 0.99 1 2 0.87 0.13 1.13 0.5
6 34.28 1.03 - 1 - 1 1 0.5
7 28.39 0.86 2 3 0.48 0.52 2.52 0.7
8 26.27 0.79 3 4 0.94 0.06 3.06 0.7
9 26.05 0.78 3 4 0.88 0.12 3.12 0.7

10 31.29 0.94 1 2 0.20 0.80 1.80 0.7

Whole BCR 1.96
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4. Conclusions

This research proposes an assessment method with a condition rating scale and
reference that can be measured quantitatively, and can be applied to perform concrete
damage condition rating assessment based on testing on the existing upper building
structure. Condition rating scale consists of five ratings that can portray building condition,
from best, to worst–in which case the building cannot be used anymore. Each rating is the
boundary by a ratio value between the in situ concrete compressive strength value and the
design concrete compressive strength value. The determination of condition rating on each
testing point on the structure element is processed using the fuzzy logic approach, where
condition rating is determined based on membership function. This method can decrease
inaccuracy in determining concrete condition rating on the condition rating boundary value.
The condition rating is also determined based on concrete testing results with a higher
reliability rating so that the resulted method can minimalize the risk of determining a higher
condition rating than appropriate to avoid building collapse. The building condition rating
(BCR) is determined by considering the critical weight of each structure element against
the building structure as a whole. The assessment method can be used to determine BCR
in a detailed manner for condition rating per testing point, condition rating per structure
element, condition rating per floor, condition rating per zone, and condition rating of the
building as a whole. This can also anticipate building collapse caused by the poor condition
of part of the building structure.

Author Contributions: Writing—original draft preparation, data curation, methodology, H.W.; con-
ceptualization, supervision, C.A.M.; validation, formal analysis, O.G.; review and editing, J.P.S.;
project administration, supervision, A.P.I.; writing—review and editing, T.C.; resource and visualiza-
tion, N.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors would like to thank Universitas Tarumanagara for providing equip-
ment for the research collection data.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. American Society of Civil Engineers. Guideline for Structural Condition Assessment of Existing Buildings; American Society of Civil

Engineering: Reston, VA, USA, 2000; pp. 1–8, 93–104.
2. ACI Committee 201. Guide for Conducting a Visual Inspection of Concrete in Service (ACI 201.1R-08); ACI Committee: Farmington

Hills, MI, USA, 2008; pp. 1–15.
3. Stochino, F.; Fadda, M.L.; Mistretta, F. Low Cost Condition Assessment Method for Existing RC Bridges. Eng. Fail. Anal. J. 2018,

86, 56–71. [CrossRef]
4. Preiser, W.F.E.; Vischer, J.C. Assessing Building Performance; Elsevier Butterworth-Heinemann: Oxford, UK, 2005; ISBN 9781136427978.
5. Hille, F.; Rohrmann, R.; Rücker, W. Guideline for the Assessment of Existing Structures; Federal Institute of Materials Research and

Testing (BAM), Division VII.2 Buildings and Structures: Berlin, Germany, 2005.
6. Jain, K.K.; Bhattacharjee, B. Application of Fuzzy Concepts to the Visual Assessment of Deteriorating Reinforced Concrete

Structures. J. Constr. Eng. Manag. 2012, 138, 399–408. [CrossRef]
7. Hamid, S.A.; Nouh, A.; Zabel, N.Y. A Model for Prioritizing Concrete Structures Repair Works. Hous. Build. Natl. Res. Cent.

(HBRC) J. 2018, 14, 334–339. [CrossRef]
8. Hamdia, K.M.; Arafa, M.; Alqedra, M. Structural Damage Assessment Criteria for Reinforced Concrete Buildings by Using a

Fuzzy Analytic Hierarchy Process. Undergr. Space 2018, 3, 243–249. [CrossRef]
9. Leite, F.M.; Volse, R.A.; Roman, H.R.; Saffaro, F.A. Building Condition Assessment: Adjustments of the Building Performance

Indicator (BPI) for University Buildings in Brazil. Ambiente Construído Porto Alegre 2020, 20, 215–230. [CrossRef]
10. Pragalath, H.; Seshathiri, S.; Rathod, H.; Esakki, B.; Gupta, R. Deterioration Assessment of Infrastructure Using Fuzzy Logic and

Image Processing Algorithm. J. Perform. Constr. Facil. 2018, 32, 1–13. [CrossRef]
11. Noor, S.M.; Richard, H.K.; Ibrahim, I.S.; Sarbini, N.N.; Hanseung, L.; Kumar, J. Building Condition Assessment (BCA) on School

Building in Sabah, Malaysia. In Proceedings of the 4th International Conference on Construction and Building Engineering
(ICONBUILD 2019), Langkawi, Malaysia, 20–22 August 2019.

http://doi.org/10.1016/j.engfailanal.2017.12.021
http://doi.org/10.1061/(ASCE)CO.1943-7862.0000430
http://doi.org/10.1016/j.hbrcj.2017.04.001
http://doi.org/10.1016/j.undsp.2018.04.002
http://doi.org/10.1590/s1678-86212020000100370
http://doi.org/10.1061/(ASCE)CF.1943-5509.0001151


Buildings 2022, 12, 776 13 of 13

12. Tirpude, N.P.; Jain, K.K.; Bhattacharjee, B. Decision Model for Repair Prioritization of Reinforced-Concrete Structures. J. Perform.
Constr. Facil. 2014, 28, 250–256. [CrossRef]

13. Malek, M.; Tumeo, M.; Saliba, J. Fuzzy Logic Approach to Risk Assessment Associated with Concrete Deterioration. ASCE-ASME
J. Risk Uncertain. Eng. Syst. Part A Civ. Eng. 2015, 1, 1–8. [CrossRef]

14. Pushpakumara, B.H.J.; De Silva, S.; De Silva, G.H.M.J.S. Visual Inspection and Non-Destructive Tests-Based Rating Method for
Concrete Bridges. Int. J. Struct. Eng. 2017, 8, 74–91. [CrossRef]

15. Wiyanto, H.; Makarim, C.A.; Gondokusumo, O. Local and Global Condition Rating Determination for Concrete Damage Based
on Visual Assessment. ARPN J. Eng. Appl. Sci. 2021, 16, 2789–2798.

16. Anuar, M.Z.T.; Sarbini, N.N.; Ibrahim, I.S. Study on Condition Assessment Metrics based Facilities Condition Index and Building
Condition Index. In Proceedings of the IOP Conference Series: Materials Science and Engineering, Batu Pahat, Malaysia,
1–2 December 2020; Volume 1144.

17. Besiktepe, D.; Ozbek, M.E.; Atadero, R.A. Condition Assessment Framework for Facility Management Based on Fuzzy Sets
Theory. Buildings 2021, 11, 156. [CrossRef]

18. Wiyanto, H.; Chang, J.; Dennis, Y. Concrete Structure Condition Rating in Buildings with Non-destructive Testing. In Proceedings
of the IOP Conference Series: Materials Science and Engineering, Jakarta, Indonesia, 21–22 November 2019; Volume 852.

19. Indonesia, Standar Nasional. Persyaratan Beton Struktural Untuk Bangunan Gedung (SNI 2847:2013); Nasional, Badan Standarisasi:
Jakarta, Indonesia, 2013; pp. 36–42.

20. Indonesia, Standar Nasional. Persyaratan Beton Struktural Untuk Bangunan Gedung Dan Penjelasan (SNI 2847:2019); Nasional,
Badan Standarisasi: Jakarta, Indonesia, 2019; pp. 653–659.

21. ACI Committee 201. Report on Nondestructive Test Methods for Evaluation of Concrete in Structures (ACI 228.2R-13); ACI Committee:
Farmington Hills, MI, USA, 2013.

22. Sri Kusumadewi, H.P. Aplikasi Logika Fuzzy Untuk Pendukung Keputusan, 2nd ed.; Graha Ilmu Publisher: Yogyakarta, Indonesia,
2010.

23. Ross, T.J. Fuzzy Logic with Engineering Applications, 3rd ed.; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2010; ISBN 978-0-470-
74376-8.

24. Indonesia, Standar Nasional. Metode Uji Angka Pantul Beton Keras (ASTM C 805-02, IDT); Nasional, Badan Standarisasi: Jakarta,
Indonesia, 2012; pp. 1–10.

25. Indonesia, Standar Nasional. Cara Uji Kuat Tekan Beton Dengan Benda Uji Silinder (SNI 1974-2011); Nasional, Badan Standarisasi:
Jakarta, Indonesia, 2011; pp. 1–15.

26. International Atomic Energy Agency. Guidebook on Non-Destructive Testing of Concrete Structures; International Atomic Energy
Agency: Vienna, Austria, 2002; Volume 17.

http://doi.org/10.1061/(ASCE)CF.1943-5509.0000427
http://doi.org/10.1061/AJRUA6.0000811
http://doi.org/10.1504/IJSTRUCTE.2017.081672
http://doi.org/10.3390/buildings11040156

	Introduction 
	Materials and Methods 
	Condition Rating Scale and Reference 
	Condition Rating Determination 

	Results and Discussion 
	Conclusions 
	References

