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Abstract 

The crucial need for reliable and practical technique to assess the structural conditions, including the level of damage and 
also the residual capacity of RC structures after an earthquake, has been highlighted in the recent earthquake events. Taking 
a decision on, whether a damaged structure should be demolished, repaired or accepted, directly depends on data and 
information associated with post-event damage evaluation. 

An experimental study was conducted to quantitatively evaluate both residual axial capacity and also the degradation of 
concrete material in previously damaged reinforced concrete (RC) columns. Three RC circular columns, all 500 mm in 
diameter and 1500 mm in height were caged such that to provide three confinement levels: low, medium and high. The 
columns were monotonically subjected to compressive force up to failure. All damaged RC columns were then cut into 
approximately three equal pieces with two cores taken longitudinally from each piece. The first core was prepared and 
instrumented for compression testing, while the second core was sliced into a number of 25 mm disks for oxygen 
permeability testing. Results from compression test on cored cylinders showed an average of 35%, 32% and 30% reduction 
in strain capacity, ultimate strength and elastic modulus of concrete in the damaged specimen, respectively. This 
demonstrated that adopting undamaged stress-strain behaviors of concrete material for the purpose of assessment in a 
damaged RC structure leads to overestimating of the capacity.   

Complementary investigation into permeability of damaged concrete disks also led to a damage profile through which the 
intensity and the extent of damage caused by cracking from the applied axial load, was determined at different locations 
over the height of the RC columns. The extent of damage was revealed to be up to 25% of the height of the column in the 
case of low and medium-confined column, while for the high-confined column this length increased to 40% of the column’s 
height. 
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1. Introduction 
Evaluation of damage and residual capacity of the damaged structures is the first priority after a seismic event. 
This will let vulnerable structures, which cannot withstand service load and/or further seismic actions, to be 
identified.  Thus, authorities will be provided with a basis to make a decision, as to whether damaged building to 
be demolished, repaired or even accepted without repair, which is of great importance for the remediation plan. 
Amongst structural members, columns should be prioritized in the evaluation process since the lack of sufficient 
capacity to sustain loading demand may cause a progressive collapse of the structure. A key step to estimate the 
residual capacity of an RC member is to designate appropriate mechanical properties of the concrete material 
and reinforcing bars. Although the idea of determining residual capacity at the structure or member level has 
drawn considerable attention from researchers [1-6], it has not yet been broadly studied from a concrete material 
point of view. 
 

To assess the damage occurred in the concrete material, there is a desperate need to employ appropriate 
damage detection technique. To date, a vast variety of test methods varying from the simple rebound 
hammer test [7] to a highly sophisticated technique computational tomography (CT) [8], have been 
introduced to examine damage occurs in the properties of the concrete material. The structural cracks in 
concrete induced by external loading are not only indicative of damage, but also allow for a rapid fluid 
transport, resulting in a higher permeable material. Permeability test which is conventionally used as an 
indication of durability has been proven capable enough to reveal the potential of microcracks presented 
in mechanically damaged concrete [9]. The permeability of concrete is recognized as an intrinsic feature 
which allows fluids to transfer through a porous medium at the presence of pressure gradient. The 
relationship between permeability and microcracking damage at low-level stress (from 0 to 15% of 
ultimate strength) has been experimentally investigated by [10]. In the study conducted by Sugiyama et al. 
[11] on the effect of a compressive stress on the permeability of concrete, it was found that the 
permeability considerably increases once the stress level exceeds 75% of the ultimate strength of normal 
concrete. Observations by Hearn and Lok [12] also exhibited a significant increase of air permeability at 
the critical stress level of 71% of the ultimate axial strength. The application of permeability to assess 
cracked plain concrete has been studied in the past [13-15]. However, there are limited studies in the 
literature addressing permeability-based damage evaluation at reinforced concrete member level [16-18].  

 
As the above discussion attests, the oxygen permeability test was employed to determine initially damage 
in terms of change in the permeability feature of damaged concrete and also its extent with respect to the 
propagation of cracking in the RC columns. In the complementary phase of the study, an attempt was also 
made to determine the residual capacity of the concrete material in terms of post-damage stress-strain 
behaviors. For this, cored cylinders were taken from the confined central area of axially pre-loaded RC 
columns. The mechanical properties of the damaged concrete material, including elastic modulus, ultimate 
compressive strength and maximum strain capacity, were precisely measured.  

2. Experimental program 

2.1 Specimen properties 

Three circular RC columns all 1500 mm in height and 500 mm in diameter were constructed. Columns were 
caged using 12 deformed bars all 16 mm in size for longitudinal bars and also a 12 mm plain bar as a transverse 
reinforcement. Three different transverse reinforcement configurations were fabricated to represent three 
confinement conditions: low, medium and high. All three columns were poured with the same concrete batch, 
provided by a local ready-mix supplier with specified target strength of 40MPa at 28 days, and a slump of 80 
mm. The general purpose (GP) cement was used and the aggregate was semi-crushed with a maximum size of 19 
mm. To simulate the three different confinement levels, transverse reinforcements with spiral spacing of 40 mm, 
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70 mm and 105 mm were placed over 1 m at the mid-height of the columns. The transverse reinforcemt was 
placed closer in the upper and lower quarters of the columns to transfer damage to the middle part of each 
column. The details of column specimens and transverse reinforcement are illustrated in Fig 1.  

 
Fig. 1- Details of the column assemblies 

2.2 Test protocol 

The test apparatus accommodates the column to be loaded axially using the 10,000 kN Dartec Universal Testing 
Machine. The machine has a fixed reaction at the base extending from floor level and a movable reaction head at 
top allowing load to be evenly distributed on the test specimen. The experiment conducted in monotonic axial 
compression displacement rate of 0.1mm/s. Both applied load and overall displacement occurred in the 
specimens, measured during testing through load cell installed on the machine. The axial deformation on each 
column was also recorded via 8 linear variable displacement transducers (LVDT), over a central 450 mm gauge 
length. The appearance of vertical cracks in the cover concrete was the first damage observation as the loading 
applied to the specimen proceeded. Local crushing and subsequent spalling of the cover concrete stimulated 
quick propagation of these cracks. In spite of spalling of the cover concrete, which made it malfunction, the 
presence of spiral reinforcement boosted both ductility and strength features of the remaining concrete core.  

For both high and medium confined columns no distinctive failure plane was observed. The vertical 
cracks were formed in the central part of the columns just after the peak load. The concrete cover of the 
damaged area was spalled after the peak load. Hoop fracture occurred as a consequence of hoop expansion 
in the central part of the column. All longitudinal bars were buckled, and concrete located in the core of 
column was seriously crushed. Fig. 2 shows the ultimate damaged status of the columns at the end of the 
test. In the case of the low-confined column, a different failure pattern mechanism was observed. The 
collapse happened by virtue of shear diagonal sliding of the upper and bottom parts of the column, due to 
the formation of a diagonal failure plane. The propagated cracks in the low-confined column were mainly 
formed from one-third of the height to the top of the column. Therefore, the concrete cover of 
approximately one-third of the height of the column remained almost non-damaged. The concrete cover of 

Note:
All dimensions are in mm
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D = Grade 300E deformed
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Cover to longitudinal rebar
= 20 mm

98
0

19
6

19
6

15
00

4@
49

15
00

25
@

40
7@

28
10

00
19

6
19

6
7@

28

15
00

2@
75

10
50

15
0

15
0

1 1

Section 1-1

12D16
Longitudinal
Reinforcement

500

50 400 50

High confined column Mid confined column

14
@

70

10
@

10
5

4@
49

2@
75

1 1

Low confined column

1 1

Material Properties:
f'c = 40 MPa
Max aggregate size: 19 mm
Slump: 80 mm

R12
Transverse
Reinforcement

3 



16th World Conference on Earthquake, 16WCEE 2017 

Santiago Chile, January 9th to 13th 2017  

the damaged area was spalled after the peak load. After the first hoop fracture, a diagonal failure plane 
was observed, and all longitudinal bars were buckled.  

 

 
Fig. 2- Failure modes of RC columns (a) High confined (b) Medium confined (c) Low confined 

Fig. 3 presents the comparison of the pushdown axial force-axial displacement results for three columns in this 
study. The axial capacity of test specimens increased by increasing compressive load up to peak, whereupon 
degradation in strengths was observed. This is mainly due to the buckling of longitudinal bars, yielding and 
fracture of the spiral reinforcements. 

 

Fig. 3- Force-displacement response of RC columns 

3 Damage assessment  

To evaluate the level of damage incurred by axial loading on concrete material in a collapsed RC column under 
monotonic compression force, two approaches were utilized. The first followed the idea of establishing an 
oxygen permeability coefficient profile over the height of a damaged RC column, while the second attempted to 
capture the remaining stress-strain capacity of the concrete material. The key step to achieve these goals is to 
provide some concrete cores drilled from areas of interest in the collapsed columns. The coring procedure was 
planned to be conducted vertically to avoid cutting any reinforcement, getting cores in the direction that material 
has been previously loaded and also taking sequential cores as much as possible to come up with a continuous 
profile. Therefore, damaged RC columns were all laid down and cut into three pieces to enable coring from the 
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central part of the sections. Fig. 4 shows the cutting procedure and also final cut pieces obtained from the top, 
medium and bottom parts of each damaged column. 

 
Fig. 4- (a) Cutting process (b) Final cut pieces 

A diamond core bit with working length of 430mm and nominal diameter of 93 mm was used along with 
the core drill machine to take desired cores from the damaged pieces. The location was selected in a way 
that avoided any facing with embedded reinforcement. Two companion cores were taken from each piece 
to provide enough material for both permeability and supplementary compression tests. One core was 
used to supply concrete disks distributed over the height of the column, however, no disks could be 
obtained in the highly central damaged area of the high-confined column. The second core, was secured 
for a compression test to capture the stress-strain relationship in the damaged concrete core.   

3.1 Oxygen permeability test  

To conduct the permeability test, at first, 25mm-thick disks were extracted and appropriately prepared from 
damaged concrete cores. Slicing began precisely from one end of the core once the uneven portion had been 
removed and continued until the whole core was used. The disks were completely dried before proceeding to any 
gas permeability test. Fig. 5a shows the disks were oven-dried at 50°C until the disks reached a steady state 
moisture content.  

A permeability cell was utilised to determine the permeability index [19]. This test set up consists of a 
constant head permeameter in which oxygen is served as the permeating substance. The cell comprises of 
inlet and outlet valves which allow oxygen flows through the chamber. The specimens were then placed at 
the top of the permeability cell, and a pressure head difference up to 100 kPa was applied (Fig. 5b). 
Permeability measurements were conducted in an air-conditioned room. After initiating the percolation of 
oxygen through the disks, sufficient time is needed to reach steady state gas flow. The pressure decay of 
oxygen is recorded by the transducer at five minute time intervals. The test is terminated either after eight 
hours or a 50 kPa drop in pressure. 

 
Fig. 5- (a) Concrete disk (b) Oxygen permeability test apparatus 

The apparent coefficient of permeability (m/sec) is calculated from the expression of Eq. (1) for laminar 
flow of a compressible fluid [20]. 
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          k = ωVgdz
RAθ

                                                                                                                                                      (1)                                                 

Where ω = molecular mass of oxygen (kg/mol); V = volume of oxygen under pressure (m3); g = 
acceleration due to gravity (m/s2); d = sample thickness (m), z = slope of line ln(Po/Pt), R =gas constant, 
8.314 (JK-1mol-1); A = cross-sectional area (m2); θ = absolute temp (°k); Po = Initial pressure reading at 
the start of the test (kPa); Pt = subsequent pressures during experiment obtained at each step (kPa). 

3.2 Quantitative permeability damage evaluation 

Having measured the oxygen permeability index (OPI) of all disks taken continuously over the height of the 
damaged column, the OPI profile can be established. Fig. 6a indicates the variation of coefficient of permeability 
over the height of the damaged column. This profile provides a basis to spot the location of local damage and 
also determine how far the damage has spread out with regard to the increase in permeability. These profiles 
reveal how far it is necessary to move away from the visibly damaged area to assure concrete is essentially 
undamaged. 
 

As it can be seen, the OPI increased 32 times from an average value of 22×10-11 m/sec over the upper and 
bottom thirds of the column to 700×10-11m/sec as the peak value over the central area for the low-confined 
column. The OPI of the medium-confined column also surged from an average of 35×10-11 m/sec in the 
relatively lower damaged area in the vicinity of both ends of the column, to 734×10-11 m/sec at the 
extremely damaged zone in the middle part of the column. The OPI associated with the low and medium-
confined columns, achieved approximately similar values, which shows that in the areas in which the 
disks can be taken, confinement did not significantly affect the permeability. In the case of the high-
confined column, there was no chance to plot a continuous diagram because of the severe damage which 
did not allow extracting concrete disks from the extremely damaged zone. The average of OPI in the 
relatively undamaged area of the high-confined column is 62×10-11 m/sec, which is two times bigger than 
the OPI value related to the same zones in the low and medium-confined columns. If it were possible to 
measure OPI, it would offer no resistance to flow, resulting in a considerably large off-scale value. 

The OPI values calculated for all disks, taken over the height of the columns can also serve to introduce a 
damage parameter, addressing the material deterioration through change which happens in permeability. 
Damage parameter, D, can be estimated as a relative change in permeability, as follows:            

                                                                                                                                            
          D = 𝑘−𝑘0

𝑘𝑝𝑒𝑎𝑘
                                                                                                                                                    (2)                                                                                                                                                     

 
Where k = measured coefficient of permeability of the concrete disk at any location; kpeak = the coefficient 
of permeability of the concrete core taken from the highly damaged area, and k0 = the coefficient of 
permeability of the concrete core taken from the relatively undamaged area. In practice, it is impossible to 
get a disk from a highly damaged area, especially in the high-confined column, as the concrete is 
completely crushed to loose and unintegrated aggregates. The damage parameter is defined as a relative 
quantity because k0 is obtained from the cores taken from the most intact areas of the specimen, not from 
the concrete cylinder prepared during casting. That is because in practice it is very unlikely to have access 
to these cylinders, thus considering concrete disk samples extracted from relatively undamaged areas 
makes good sense.  
 
Fig. 6b shows the variation of the damage parameter over the height of the column as a function of 
permeability. The damage parameter achieves the highest values of 0.99 and 0.98 for low and medium-
confined columns, respectively over the central zone, since the middle part is significantly prone to 
stresses generated during the test. It decreases drastically once it reaches both top and bottom ends which 
match with observations during the test. For the case of the high-confined column, the graph cannot 
continuously be plotted over the central zone due to the impossibility of preparing disks from this area. 
The extent of the damaged area associated with the high-confined column is greater than the others. This 

6 



16th World Conference on Earthquake, 16WCEE 2017 

Santiago Chile, January 9th to 13th 2017  

is substantially attributed to the higher level of stress during loading in the region. The extent of damage 
for low and medium-confined columns was 350 mm, which is 25% of column height, while for the high-
confined column this length increases to 600 mm, which is 40% of the height. 
 

 
Fig. 6- (a) Permeability profile over the height of the damaged column (b) Damage parameter distribution 

4. Residual capacity and material degradation of damaged concrete cores 

Once the stress-strain behaviour is established, it would be possible to characterize how the material behaves 
during loading, where it is supposed to have failed (ultimate strength), and how much strain it can sustain up to 
failure, suggesting the ultimate ductility. To find out how much capacity has remained in a damaged concrete 
material, there is a need to determine how much reduction in the ultimate strength and strain (material 
degradation) has occurred in the specimen with respect to applied damage. For this purpose, concrete cores were 
cut in a length of approximately 186 mm, to maintain height/diameter ratio of 2, and also to be consistent with 
the results of intact cylinders. Two PL-60-11 strain gauges (TML Tokyo Sokki Kenkyujo) with a gauge length of 
60 mm were axially attached to the prepared surface using cyanoacrylate CN-E adhesive on each core cylinder 
to measure the axial strain. To account for any asymmetric axial strain inconsistency, strain gauges were 
mounted at 180° intervals. The circumferential strains were also measured using the same type of strain gauges 
laid on the mid-height of both sides of each specimen. The samples were then loaded at the rate equal to 
400με/min using a cyber-plus compression machine of 3000 KN capacity up to failure to determine residual 
stress-strain capacity of the cylinders. 
 

Residual stress-strain capacity obtained from the compression test on core samples was plotted in Fig. 7. It 
should be noted that both axial and transverse strain values presented herein are the average readings of 
two pairs of strain gauges for each sample. The average strain and strength capacity of intact cylinders 
cured in the fog room, and tested at the age of 180 days, was 2490 με and 40MPa, respectively. The 
average of strength and strain of three cores taken from the top, mid and bottom parts of the low-confined 
column presented an average value of 26 MPa and 1440 με, consecutively. In the low-confined column, 
the weakest core was taken from the top part, which acquired 1007 με and 24 Mpa (Fig. 7a).The average 
of the strength in the cores procured from the column with the medium confinement was 29 MPa, while 
its strain acquired 1540 με (Fig. 7b). The least value in this case was related to the core from the middle 
part, which showed 1320 με as its strain capacity. In the case of cores taken from the high-confined 
column, the average of the strain and strength measured from all three cores was 1360 με and 25 MPa. 
Similar to the medium-confined column, the minimum of strength and strain values were still associated 
with the middle part, which showed only a strength of 12 Mpa, and strain equal to 612 με (Fig. 7c). 
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Fig. 7- Residual stress-strain capacity of damaged core (a) low-confined column (b) medium-confined column (c) high-

confined column 

Having compared the average ultimate strain capacity of intact concrete cylinders with damaged cores in 
all parts of all three specimens, about 1100 με reduction in the ultimate strain of damaged concrete was 
observed, which represents 44% loss of strain capacity. Overall, the cores taken from the middle part of 
the high-confined column presented the least strain capacity. This remaining strain capacity indicated 
damage, which had occurred in terms of microcracking leading to 75% loss of strain capacity in this type 
of column. It was also found that the strain capacity of cores taken from the bottom part of all three types 
of columns is higher than the other segments. With respect to strength capacity, the average of strengths 
obtained from all cores showed 32% drop in comparison with undamaged cylinders. This study also 
showed that cores extracted from the middle part of columns with low and medium level of confinement 
show less strain and strength compared to the cores from the top and bottom parts, which implies this 
middle area has been more affected by the damage.  
 
Compressive behavior of damaged cored cylinders showed the elastic modulus of damaged concrete is 
also relatively lower than undamaged concrete. Results show more deviation from the elastic modules of 
undamaged cylinders once stress increases. The average of the elastic modulus of the three undamaged 
concrete cylinders, calculated from the axial branch, is 31.3 GPa, while the average of E-modulus between 
all damaged cores is 21.8 GPa. This is an indication of 30% degradation in stiffness.  

5. Conclusion 

The purpose of this work was to evaluate damage in the concrete material obtained from RC columns, in an 
attempt to correlate material degradation and the level of damage. In fact, when the material characterization of 
an existing concrete building is required, recognition of mechanical properties of the concrete is the first priority 
in the evaluation process. To achieve this goal, two concerns should be dealt with:  applying a robust and reliable 
technique to assess both the level and the extent of damage that has occurred in the specimen and, secondly, 
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understanding the amount of loss in strength and strain capacity (material degradation). It was found that the 
permeability test is reliable enough to correlate observed damage with material degradation. The supplementary 
investigation conducted to capture stress-strain behaviour also led to the estimation of the residual axial capacity 
of the damaged concrete material. 

Using the profile of permeability over the height of the damaged RC column, the extent of damage was 
identified, which was in excellent agreement with measured laboratory observations. Once concrete 
cracked, the permeability typically increased up to 28 times the slightly cracked permeability for the 
specimens under uniaxial loading. The largest permeability coefficient reported in this study is related to 
the sample was taken from the mid-height of the column. The extent of damage for low and medium-
confined columns was 350 mm, which is 25% of column height, while for the high-confined column this 
length increases to 600 mm, which is 40% of the height. 

The experimental results on partially damaged cores taken from column showed a significant reduction of 
E-modulus, strain and strength. The study showed E-modulus, strain and strength capacity were all 
affected by the strain/stress level applied during testing, such that, 35%, 32% and 30% degradation were 
experienced, consecutively. This could imply that damage (e.g. crushing) would occur earlier if the 
damaged member was subject to the next loading demand (i.e. earthquake/aftershock). In other words, to 
determine the residual capacity of a damaged RC member, stress-strain diagrams related to intact concrete 
are no longer valid and a revised relationship, showing the damaged stress-strain relationship should be 
used. This also shows that adopting undamaged stress-strain behaviors of concrete material for the 
purpose of assessment in a damaged RC structure leads to overestimating of the capacity. It was also 
found that lateral strain is a better indicator of damage since it experienced higher loss compared to axial 
strain.  
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