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Abstract

Damage estimation of structural concrete from concrete-core samples is developed, applying
acoustic emission (AE) activity and damage mechanics.  Generating behavior of AE events from
a concrete sample in a uniaxial compression test is quantitatively analyzed, based on the rate
process theory, because notable discrepancy of AE activity is observed between damaged and
undamaged concrete.  It is confirmed that the rate is substantially associated with pore volume
responsible for the damage in concrete.  The damage is quantitatively defined by a scalar-
damage parameter in damage mechanics.  Correlating the rate with the damage parameter,
quantitative estimation of the damage is proposed in terms of the relative modulus of elasticity.
An applicability of the procedure is confirmed in concrete samples of controlled damage due to
freezing and thawing and of various cured ages.  Further, concrete-core samples taken from
reinforced concrete columns of an existing bridge are tested.  The results suggest that the damage
of concrete at the current state could be quantitatively estimated from AE rate process analysis
without knowing the original state of the concrete at construction.

1. Introduction

Lately it is widely realized that concrete structures are no longer maintenance-free.  As a
result, evaluation techniques for diagnostic inspection are in great demand in concrete
engineering.  As a detailed inspection of a concrete structure in service, core samples are usually
drilled out and then both chemical and physical properties are measured.  Concerning mechanical
property of the physical property, the compressive strength and the modulus of elasticity
(Young�s modulus) are normally determined by conducting a uniaxial compression test.  These
values are then compared, if possible, with those of the specification.  Otherwise, there is no
qualified procedure to estimate mechanical properties responsible for the durability and the
deterioration of concrete.  In most cases, only the strength is evaluated whether the obtained
value is good enough against designed stress.

One example is shown in Fig. 1.  These are results of tests on deteriorated concrete samples
due to freezing-thawing cycles.  The decrease of Young�s modulus is reasonably observed with
the increase in freezing-thawing cycles, whereas the decrease of the strength is unconfirmed.
Because the tested concrete contained high percentage of entrained air (over 5%), the damages
due to freezing and thawing cycles were minor up to 300 cycles.  Ordinary concrete is a
composite material of cement paste and aggregate.  Even though cementation in the intergranular
layer is deteriorated, the decrease of the strength might be not yet dominant due to load-bearing
capacity of aggregate.  Poor cementation, however, could lead to the decrease of the modulus
and readily to loss of the durability.  Not relying only on the strength, therefore, it is desirable to
estimate the decrease of the modulus of elasticity in the existing concrete structures.
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Fig. 1 Variations of the modulus of elasticity and the compressive strength during the process of
freezing and thawing.

To inspect existing structures for maintenance, acoustic emission (AE) techniques deserve to
draw a careful attention.  This is because crack nucleation and extension are readily detected and
monitored.  In this respect, measurement of AE activity in the uniaxial compression test of core
samples was proposed (Ohtsu et al., 1988; Ohtsu, 1992; Farahat and Ohtsu, 1994).   

In order to formulate AE generating behavior under compression, the rate process analysis
was introduced.  It is demonstrated that the result of AE rate process analysis is closely
associated with the presence of micro-cracks in concrete (Ishibashi et al., 1995).  In concrete, the
damage of defects and cracks are primarily nucleated due to chemical reaction and fatigue.  It is
also confirmed that the procedure based on the rate process analysis is applicable to these types
of the damage in concrete (Yuno et al., 1995).

In the present paper, damage mechanics is introduced and the damage parameter is correlated
with AE rate process analysis to estimate the decrease of the modulus in concrete.   An
applicability of the procedure is investigated by employing concrete samples of controlled
damage, and then is applied to a field measurement.

2. Rate Process Analysis

When concrete contains a considerable amount of critical micro-cracks, AE activity is
observed from low stress level in the compression test.  In contrast, AE activity in intact or sound
concrete is mostly observed right after dilatancy occurs due to micro-cracking prior to final
failure.  Thus, the presence and the nucleation of critical micro-cracks in concrete are closely
associated with AE generating behavior under compression.   
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Fig. 2 Probability functions f(V) in the rate process analysis of AE activity.

To formulate AE activity under compression, the rate process theory was introduced (Ohtsu,
1992).  Probability function f(V) of AE occurrence from stress level V(%) to V+dV (%) is
represented as a function of the incremental number of AE counts or hits, dN,

f(V) dV = dN/N,                    (1)                 

where N is the accumulated number of AE counts (hits) up to stress level V(%), which is
normalized by the compressive strength.  Equation 1 is known as the governing equation of the
rate process, because the gradient dN/dV is not only a function of the probability f(v), but also of
the accumulated number N.  To discriminate AE activities at low stress level, the function f(V) is
approximated as a hyperbolic function,

f(V) = (a/V) + b,                    (2)

where a and b are empirical constants.  In Fig. 2, typical results obtained in uniaxial compression
tests are shown.  Histograms on the values f(V) were directly determined as dN/(N dV) at each
stress increment dV.  In order to eliminate the noise due to fretting between the sample and
loading plates in early stage as well as AE activity at final failure, only the stress range from
30% to 80% is taken into consideration.  Applying Eq. 2, the distribution was approximated by
the hyperbolic function with the least-square-error estimation.  In Case A of which concrete
sample was damaged due to freezing�thawing action, AE activity is observed to be high at low
stress level.  Thus, the probability function is modeled such that the coefficient �a� is positive.
Hereinafter, this coefficient is called the rate.  In Case B of newly-cast concrete sample, the
function is modeled as the negative rate (a < 0), presenting low AE activity at low stress level.
These results show that AE activity at low stress level could be discriminated from the rate �a�.     
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Fig. 3 Relation between total number of AE events and stress level, analyzed by the rate process
analysis.

Substituting Eq. 2 into Eq. 1 and integrating it, a relationship between the total number of AE
counts N and stress level V(%) is derived as,

N = C Va exp (bV).                 (3)

Here, C is the integration constant.  One example of the rate process analysis in the uniaxial
compression tests is shown in Fig. 3.  AE activity under compressive stress is approximated in
reasonable agreement by Eq. 3, as confirmed in the previous research (Ohtsu, et al., 1988; Ohtsu,
1992; Farahat and Ohtsu, 1994).

3. Damage Parameter and the Rate �a�

From the continuum damage mechanics (Kachanov, 1980), the state of damage is represented
by the scalar damage parameter Ω.  In a simple model, modulus of elasticity (Young's modulus)
E of a damaged material is expressed as,

E = E*(1 - Ω),                    (4)

where modulus E* is that of an intact material.  In the uniaxial compression test of a concrete
sample, a relation between stress and strain is obtained as shown in Fig. 4(a).  Taking into
account an initial or current damage when the core is drilled out, modulus Eo is defined as a
tangential modulus and is associated with the degree of initial damage Ωo as,

Eo = E*(1 � Ωo).                  (5)

During the uniaxial compression test, the damage increases from Ωo to Ωc as shown in Fig.
4(b), where Ωc is the damage at the ultimate strain εc.  In order to define the stress (σ) � strain
(ε) relation as σ = Eε, modulus Ec is defined as a secant modulus as shown in Fig. 4(a) and is
presented,
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Fig. 4 (a) Stress-strain relation and elastic moduli: Eo and Ec.  (b) Relation between damage and
strain.

Ec = E* (1 � Ωc).                    (6)         

In order to relate damage evolution Ωc - Ωo with AE activity in the compression test, the
relationship on amplitude distribution is introduced (Mogi, 1962),

n(A) = k A�m.                  (7)

Here n(A) is the number of AE events of the amplitude from A to A+dA.  k and m are empirical
constants.  Assuming that the crack volume is proportional to the amplitude of AE event, the
evolution is formulated as

Ωc - Ωo = ∫ n(A) A dA.                (8)

Substituting Eqs. 3 and 7 into Eq. 8, the damage evolution is eventually represented as

Ωc - Ωo = (1 - m) Ao C (100)a exp (100b) / (2 - m),         (9)

where Ao is the threshold amplitude of the measuring system.  This implies that the damage
evolution is closely correlated with parameters m, a, and b.  The correlation of these parameters
with the damage evolution was previously studied in concrete samples of various damage levels
(Iida et al., 2000).  It is found that the evolution is highly correlated with the rate �a�, and that the
parameter m is primarily associated with failure mechanisms (Ohtsu, 1987).  Because failure
mode of only uniaxial compression is generated in the test, the parameter m does not vary much
during the evolution process.  The parameter b is normally small and to be less correlated than
others. Thus, it is concluded that the damage evolution Ωc - Ωo is predominantly associated with
the variation of the rate �a�.

  In concrete core samples taken from harbor structures, uniaxial compression tests were
conducted (Ishibashi et al., 1998).  After determining the pore distribution by the mercury
intrusion method from the same core samples, the ratio of pore volume over 0.1 µm radius was
compared with the rate �a�.  Results are given in Fig. 5.  Strong correlation between the rate �a�
and the ratio of pore volume is observed.  Because it is considered that the volume of large pores
is closely associated with the deterioration of concrete (Matsuyama and Ohtsu, 1992), this result
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Fig. 5 Relation between the rate �a� and pore volume.

Fig. 6 Locations of core samples core-drilled in a nuclear power plant.
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Fig. 7 Relations among the pore volume, the compressive strength, and the rate �a� of the core
samples.

confirms the feasibility of the relation in Eq. 9 and the rate �a� is to be a key factor of the damage
in concrete.

In order to confirm the relationship in Eq. 9, core samples were taken from an aqueduct of a
nuclear power plant shown in Fig. 6.  To drill core samples out, three sites were selected: at the
gate (Site A), 20 m inland (Site B), and 30 m inland from the gate (Site C).  Three core samples
at each site were mold-cut of dimensions 7.4 cm diameter and 14.5 cm height.  The uniaxial
compression tests of the samples were conducted.  AE events generated under compression were
counted up to final failure by AE processor (LOCAN; PAC).  An AE sensor of 1 MHz resonance
was attached at the middle of the sample, where the surface was ground flat.  For event-counting,
the threshold level was set to 150 mV and the dead-time for event-counting was 1 ms.  The filter
frequency range was from 10 kHz to 300 kHz, and total amplification was 60 dB.

The compressive strength and the rate �a� were determined as the averaged value of the three.
Distribution of pore radii was also measured by the mercury intrusion method from concrete
fragments at the three sites.  After determining the pore distribution, the total volume of pore
with the radii over 0.5 µm was determined, because the pore volume from 0.1 µm to 0.5 µm was
negligible.  Results of the pore volumes, the rate �a�, and the compressive strength are
summarized in Fig. 7.  From Site A to Site C, the pore volume decreases monotonously with the
increase in the distance from the sea.  This implies that the heaviest damage was introduced in
concrete at the gate (Site A), where concrete was frequently deteriorated by seawater.  Leaving
from the seaside, the damage of concrete decreases.  In accordance with the increase in the pore
volume, the rate �a� increases from Site C to Site A.  Thus, the increase of the pore volume (over
0.5 µm radius) corresponds remarkably to the increase in the rate �a�.  It confirms that with the
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increase in the rate �a�, the volume of the micro-voids responsible for damage increases. Because
the rate �a� is still negative, the degree of damage is supposed to be minor in these concrete
samples.  This is a reason why compressive strengths did not correlate with the rate �a� or with
the pore volume.  It is again observed that the strengths are not explicitly associated with the
damages defined by the pore volumes, as is the case of freezing-thawing damages.  Even though
the damage is minor, the durability of concrete definitely decreases.   These results suggest that
the strength may not be a key factor for the durability, but the rate �a� is sensitive to it.

4. Estimation of Damage

(1) Samples of controlled damage

To prepare concrete samples of controlled damage, cylindrical specimens of 10 cm diameter
and 20 cm height were made.  Mixture proportion of concrete was water: cement : sand : gravel
= 0.55 : 1.0 : 2.5 : 3.2 and the maximum size of gravel was 20 mm.  The compressive strength
after 28 day moisture-cure was 45.4 MPa.  Controlled damage was induced in the concrete
samples, by the freezing and thawing test.  After 28 day moisture-cure, freezing and thawing
cycles from -16o C to 3o C in three hours interval were applied.  The damaged samples were
prepared and tested after 100 cycles, 200 cycles and 300 cycles.

Since initial modulus Eo should be determined as the tangential modulus: dσ/dε at ε = 0, the
stress versus strain (σ-ε) relation was approximated by a parabolic equation which is adopted in
the Standard Specification for Concrete Structures of JSCE and the CEB-FIP Model Code 1990.
Consequently, it is represented as,

σ = a0 + a1ε + a2ε2.                   (10)

One example is shown in Fig. 8 as the stress-strain relation is approximated by Eq. 10 and
the initial modulus Eo is determined as the coefficient a1.  It is confirmed that the stress-strain
curve is approximated by the parabolic equation with high correlation (0.9998).

   In the damage-mechanics model of a pore-cracked material, a relation between the modulus
of elasticity and the strength is mathematically derived (Nielsen, 1998),

σc/σc* = exp[-0.75 (E*/Eo �1)],          (11)

where σc is the compressive strength of a cracked material and σc* is the strength of the intact
(zero porosity) material.  In an ordinary cracked material, as the limiting case for which voids are
squeezed out, and Eq. 11 is simplified to

σc/σc* = 0.25 + 0.75Eo/E*.            (12)       
      

Taking the average of three specimens tested, the modulus of elasticity Eon and the
compressive strength σcn were determined after n freezing-thawing cycles.  To estimate the
damage introduced, the ratios σcn/σc0 were compared with σc/σc* in Eqs. 11 and 12.  Relative
moduli were also estimated from Eon/Eoo, where Eoo is the modulus of elasticity of concrete
after 28 day moisture-cure (but prior to the freezing-thawing cycles) and Eon is that after n
freezing-thawing cycles.  Results are plotted in Fig. 9.  The relation given by Eq. 11 is indicated
by a broken curve and that of Eq. 12 is shown by a solid line.  The damages introduced are
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Fig. 8 Stress-strain relation approximated by a parabolic equation.

Fig. 9 Relative moduli Eon/Eo0 and ratios of the strength σcn/σc0 in the freezing and thawing test.

reasonably approximated by the relations of damage mechanics.  The strengths decrease even
lower than the relative moduli in Eq. 11, while the relative moduli are lower than the strengths in
Eq. 12.  It is observed that the damages introduced are moderate so that results are plotted on the
both curves with reasonable agreement

From Eqs. 5 and 6, the damage evolution is expressed as,
Ωc - Ωo = (Eo - Ec)/E*.                (13)
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As mentioned in Sec. 3, it is found that the damage evolution is closely associated with the rate
�a�.  Since modulus E* of an intact concrete is unknown in an actual case, a relationship between
the difference Eo - Ec and the rate �a� of the samples is studied and plotted as shown in Fig. 10.
For the sake of simplicity, a linear correlation is approximated as shown in the figure, where the
difference Eo - Ec is represented as,

                Eo - Ec = E*(Ωc - Ωo) = X a + Y.              (14)

Because the rate �a� varies depending on the degree of the damage, it is assumed that the initial
modulus Eo is identical to intact modulus E* in the case where the rate �a� is equal to 0.  From
the figure, intact modulus E* is determined by

                       E* = Ec + Y.                  (15)

Fig. 10 Correlation between the rate �a� and the difference between the tangential modulus Eo
and the secant modulus Ec in the concrete samples of controlled damage.

Through this procedure, relative modulus Eo/E* was estimated at each freezing-thawing
cycle as an average value of three samples.  In Fig. 11, results of relative moduli Eo/E* are
compared with ratios Eon/Eo0, which were determined as the ratios of the tangential moduli Eo
after n cycles to that of 0 cycle in the experiment.   It appears that the ratios Eo/E* obtained from
the above procedure slightly overestimate the actual ratios Eon/Eo0, while the trend of the
decrease due to deterioration is in reasonable agreement.  This result implies that the damage of
concrete can be practically estimated without knowing the modulus of elasticity at the initial
construction stage.  Because the mechanical properties of concrete at the time of construction are
mostly missing when inspection is conducted years later, the procedure is promising to estimate
the degree of damage using the relative modulus Eo/E* determined via the AE rate process
analysis described here.
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Fig. 11 Relative moduli Eo/E* and Eon/Eo0 in the freezing and thawing test.

(2) Concrete of various ages

Casting concrete samples of the same mixture as in (1), the effect of cementation due to age
is studied.  First, in the early age after 7, 14, 21, and 28 days, uniaxial compression tests were
conducted.  It is noted that the designed strength of concrete is estimated at the age of 28 days.
All samples were moisture-cured in the standard room (20oC), and were taken from a reservoir
one day before the test.  In Fig. 12, Eon/Eo28 represents the relative moduli actually measured in
the experiment as the modulus of elasticity Eon at n days elapsed.  Eo/E* represents the relative
modulus of elasticity, which is estimated from AE rate process analysis.  It is found that relative
moduli measured and those estimated from the rate process analysis agree after 21 days.  Thus, it
is confirmed that the damage due to weak cementation or inadequate hydration could be
estimated by this method.

Although the rate process analysis is originally investigated to estimate the deterioration of
hardened concrete, the degree of soundness is also studied in the ages after 28 days.  In Fig. 13,
results of moisture-cured samples after 7, 9, 11, 13, 15, and 17 months are summarized.It is well
known that hydration process of concrete still continues even after 50 years.  Accordingly, the
ratios Eon/Eo28 becomes over 1.0 after 7 months.  In this case, the ratios Eo/E* underestimate the
actual ratios Eon/Eo28, although the trend of the relative moduli in hardening process is similar to
the actual ratios.  Thus, the procedure is not quite effective to estimate the more sound concrete
due to hardening.

(3) Field Survey

    The procedure was applied to concrete-core samples taken from concrete columns of an
existing bridge.  A sketch of pier and anchor of the bridge is given in Fig. 14.  From each
portion, three cores were taken and tested.  Results of relative moduli Eo/E* estimated are
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Fig. 12 Relative moduli Eo/E* and Eon/Eo28 in early-age concrete.

Fig. 13 Relative moduli Eo/E* and Eon/Eo28 in long-age cured concrete

summarized in Fig. 15.  It is observed that the relative moduli of cores in the anchor A2 are
larger than 1.0, while the relative moduli of cores in the piers P1 and P2 are slightly smaller than
1.0.  From Eq. 5, it is derived that

Ωo = 1 � Eo/E*.                    (16)
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Fig. 14 Sketch of piers and an anchor of a concrete bridge.

Fig. 15 Relative moduli Eo/E* estimated from core samples.

Consequently, the degree of current damage Ωo was estimated from the average values
Eo/E* at three locations, although a negative value is set to zero in Eq. 16.  Results are
summarized in Fig. 16.  This suggests that the concrete in the anchor A2 is undamaged, while the
concrete of the piers P1 and P2 is a little deteriorated.  The trend of these results is found to be in
good agreement with a numerical study on fatigue damage of the bridge columns.  It was also
confirmed that the strengths of these core samples were similar and higher than the designed
strength.  Based on these results, it was decided to retrofit this bridge with slightly repairing the
two piers.
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Fig. 16 The damage parameter estimated from the core samples.

5. Conclusion

For quantitative estimation of the damage in structural concrete, AE measurement is applied
to the uniaxial compression test of concrete samples.  AE generating behavior, which is closely
associated with the damage inside concrete, is quantitatively formulated by the rate process
theory.  Then, the damage is defined from the damage mechanics.  Correlating the rate process
analysis and damage mechanics, the procedure is developed to quantitatively estimate the
damage of the concrete sample taken out of the structure.  From the results, it is demonstrated
that the damage of concrete at the current state could be estimated from AE rate process analysis
without knowing the original state at construction. All results obtained are summarized, as
follows:

1) From the results of core samples taken out of a nuclear power plant, it is confirmed that with
the increase in the rate �a�, the pore volume of the micro-voids responsible for the damage
increases.  This demonstrates that the rate �a� could give a quantitative reference on damage level
of concrete.

2) A procedure to estimate the damage of the current state is studied, introducing damage
mechanics and correlating the rate �a� with the scalar-damage parameter.  From the correlation
between the damage evolution and the rate �a�, the modulus of elasticity in the intact state is
estimated.

3) By using concrete samples of controlled damage and of various ages, it is confirmed that
relative moduli estimated by the proposed procedure are in reasonable agreement with actual
moduli in the tests for damaged concrete.
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4) In order to check the feasibility, the procedure was applied to concrete-core samples taken
from an existing bridge. It is suggested that concrete of the anchor is not deteriorated, but
concrete of the piers is slightly deteriorated.  Because the trend of these results is found to be in
good agreement with analytical study, the retrofit plans of the bridge were decided, based on the
result of AE rate process analysis.
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