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Abstract. The Stiffness Damage Test (SDT), a cyclic test in compression, is
considered as a reliable tool for assessing concrete structures affected by ASR.
Depending on the extent of ASR damage in concrete, loading levels up to 40%
of the compressive strength may contribute to increasing internal damage dur-
ing testing. Nevertheless, previous research found that no additional damage was
induced by the SDT. This confirmed the non-destructive character of the SDT
making it valid to determine the compressive strength on the same test specimens
following the SDT.

However, other research suggests that loading levels above 15% of the com-
pressive strength could lead to load-induced damage in the first load cycle. The
implication of the non-destructive character and the loading level of the SDT needs
more attention, especially when testing anisotropically ASR-damaged concrete
structures.

This paper thus presents a critical evaluation of the non-destructive character
of the SDT by utilizing Acoustic Emission (AE) measurements. The SDT was
used to evaluate an ASR affected concrete structure after 60 years in use. Several
cores from cantilever slabs were extracted enabling damage assessment of the
concrete structure in use. AE allowed to measure crack occurrence with a higher
accuracy. Therefore, the critical load level could be more accurately identified
using AE. The magnitude of enhancing internal damage during the SDT is related
to the extent of ASR. From this study it can be concluded that the non-destructive
character of the stiffness damage test depends the critical load level in relation to
the internal degree of damage, which can be determined by means of Acoustic
Emission.

Keywords: Alkali-Silica reaction · Stiffness damage test · Non-destructive
testing · Acoustic emission · Damage assessment
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1 Introduction

To maintain ageing concrete structures affected by alkali-silica reaction (ASR), reliable
diagnosing and damage assessment methods should be employed [1, 2]. For durability
and service life prediction of concrete structures it is important to establish the relation-
ship between ASR-induced cracking and loss of structural strength. When evaluating
structural properties, only limited number of cores may be extracted from any structure.
It is desirable that deteriorated strain-stress relationships could be determined without
damaging the specimen, after which the core could be re-used to measure other parame-
ters affected by ASR. Considering these requirements, the Stiffness Damage Test (SDT)
was developed in the early 1990’s by Chrisp et al. [3].

The initial test procedure and an early iteration were performed using a fixed load of
5.0 [3] or 10.0 MPa [4], respectively. Over the years the SDT has evolved and numerous
parameters have been studied, such as the loading level and suitable output parameters for
damage assessment [5, 6]. Earlier research found that no significant additional damage
was induced by the SDT when evaluating the test specimens using a semi-quantitative
petrographicmethod, DamageRating Index (DRI) andUltrasound Pulse Velocity (UPV)
[6]. Hereafter, the SDT has been adopted into a multi-level approach for assessing
restrained and unrestrained ASR-affected concrete structures [7–10].

Nevertheless, the non-destructive character and the loading level of this test is not
uncontroversial and whether the maximum load used in the SDT should be reduced for
restrained ASR affected concrete needs further research [11].

Therefore, this study attempts to give a new insight into the effect of the loading
sequence and applied load on the test specimen during the stiffness damage test. The use
of Acoustic Emission (AE) allows the researchers to identify the moment of inducing
additional cracking in the test specimen, hence the limit level for which the test should
be considered truly non-destructive.

2 Experimental Program

2.1 Materials and Sample Preparation

This paper presents the damage assessment of an ASR-affected post-tensioned concrete
viaduct by evaluating several extracted cores using the SDT. As per the construction
records, the viaduct was built in the 1960s using river dredged aggregates contain-
ing chert, approximately 350 kg/m3 Ordinary Portland Cement and a concrete design
strength of 30 MPa. The load bearing construction of the viaduct comprises of columns
with a cantilever slab on top on which prestressed beam elements are placed. ASR was
diagnosed at the bottom side of the slabs. Visual inspection of the viaduct suggests that
the slabs show various degrees of damage. To quantify the degree of damage, cores of
100 mm in diameter were extracted in the vertical direction (Z) from different slabs with
a length of 400 mm. It should be noted that the structural element was post-tensioned in
the X and Y-direction. Therefore, the cores were taken in the least restrained direction.
The extracted cores were wrapped in wet cloths and cling film and transported to the
laboratory. The outer 50 mm of the extracted cores was discarded and the remaining part
of the cores were used to obtain Ø100 × 200 mm test samples. Seven Ø100 × 200 mm
samples were selected for evaluating the damage by means of the SDT.
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2.2 Methodology

Stiffness Damage Test
Prior to testing, all samples were preconditioned for 48 h in amoist curing room at 20 °C,
as proposed by Sanchez et al. [5]. Additionally, both ends of the concrete cores were
flattened and ground by mechanical grinding.

The SDTwas performed in a load-controlled manner using a hydraulic actuator with
a maximum load of 1500 kN. It was decided to limit the maximum loading level to
10 MPa, as prescribed by [12]. First, an initial stress of 0.50 MPa was applied on the
sample, afterwards the samples were loaded with a loading rate of 0.10 MPa/s until
10.0 MPa. After reaching the maximum applied stress, the sample was unloaded at a
similar rate of 0.10 MPa/s until 0.5 MPa was reached. The full loading sequence of the
SDT consisted of five loading-unloading cycles.

Four linear variable differential transformers (LVDTs) were circumferentially and
centrally placed over a length of 100 mm and used to measure the vertical strain.

Parameters such as the Hysteresis Area (HA, in J/m3), the area of the hysteresis
loops averaged over the last four cycles and the chord loading stiffness (Ec, in GPa), the
slope of the loading curve are evaluated and adopted from Chrisp et al. [3]. Additionally,
parameters suggested by Sanchez et al. [6] such as the average secant stiffness (ESDT, in
GPa) of the unloading curves from the second and third load cycle, the ratio of dissipated
energy to the total energy implemented in the system (SDI) and the plastic deformation
accumulated during the SDT over the total deformation measured in the maximum load
in the last loading cycle (PDI) were also measured.

Acoustic Emission
One wideband differential (WD) AE sensor (Mistras Group, Inc) was installed on the
specimen surface (glued by hot melt adhesive) to record the AE signals during the entire
cyclic test (Fig. 1). The operating frequency range of the used WD sensor was 100–
900 kHz. The acquisition of AE signals was conducted using a 32-channel Micro-II

Fig. 1. Placement of the LVDT’s and AE-sensor for measurements during the SDT.
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Express Digital AE system (Mistras Group, Inc). The threshold and sampling rate for
AE acquisition were initialized as 45 dB and 5 MHz, respectively. The hit definition
parameters peak definition time (PDT), hit definition time (HDT) and hit lockout time
(HLT) were set as 300, 600 and 1000 us, respectively. A band pass filter from 20 kHz to
1MHzwas used for theAEsensor. Pencil-leak break testswere conducted for each sensor
before main tests to assure sensor sensitivity and the proper settings of AE monitoring
system. Waveforms of the received AE sensors were then saved for further analysis.

3 Results and Discussion

Figure 2 shows stress-strain curves obtained during the stiffness damage test, on the
test samples from the extracted cores, for two distinct degrees of damage due to ASR.
Figure 2a shows a stress-strain curve that presents a low degree of damage, which
was labelled as such based on the relatively higher slope of the loading and unloading
cycles, representing the elastic modulus. Additionally, there was less dissipated energy
(hysteresis area underneath the curve) and plastic deformation observed compared to
Fig. 2b. A higher degree of damage was observed in samples represented by Fig. 2b.
The slope of the first loading sequence and the slopes of the unloading sequences were
significantly lower than that observed in Fig. 2a. For further analysis the samples with
a lower damage degree were classified as Class I and the once with a higher degree
of damage as Class II. Furthermore, the determined parameter values, as described in
Sect. 2.2, from the obtained stress-strain curves were presented in Table 1.

Fig. 2. Stress-strain curves from the SDT with different distinct damage degrees due to ASR a)
low degree of damage b) high degree of damage.

Ec and ESDT from Class II samples were 20–25% lower in comparison to Class
I (Table 1). Furthermore, there was a clear increase in HA, PDI and SDI as also was
observed from Fig. 2. The coefficient of variation of the Class II parameters were consid-
erably higher than that of Class I. This was due to the classification of the test samples
with a higher degree of damage. Nevertheless, for the following analysis of the non-
destructive character of the SDT, it was found that multiple damage degrees could be
grouped together.



Evaluation of the Non-destructive Character of the Stiffness Damage Test 7

Table 1. Test results from the stiffness damage test, as classified in 2 distinct groups.

Ec
[GPa]

ESDT
[GPa]

HA
[J/m3]

PDI
[−]

SDI
[−]

Class I
(3 samples)

mean 24.3 24.3 221.9 0.01 0.12

Std Dev 0.8 0.7 22.0 0.00 0.01

CoVa 3.1 3.0 9.9 17.49 8.32

Class II
(4 samples)

mean 18.0 19.4 415.8 0.12 0.19

Std Dev 1.2 1.0 111.4 0.07 0.04

CoVa 6.6 5.3 26.8 53.16 22.91
aCoefficient of variation

During the loading-unloading sequences of the SDT,AE signalswere recordedwhich
were assumed to arise from tensile cracking as well as the friction between the crack
faces [13]. Frequency is a key AE-parameter to characterize the source of rupture and
can be used to infer to the internal crack development and progressive damage within a
sample. By plotting the loading-unloading cycles of the SDT in time in relation to the
peak frequency obtained from the AE-measurements, clear zonal distribution of peak
frequency signals was observed [14, 15]. The peak frequency signals were divided into
three separate frequency bands. Frequency band Iwere the signals lower than 70 kHz and
represented friction. Signals with a peak frequency higher than 70 kHz were identified
as tensile cracking [13]. Small scale fracturing within the sample was marked by high
frequency signals, band III [14]. For frequency band II there is no clear description for
the relation between peak frequency and induced damage. It might be closely related to
the closure of cracks and minor crack propagation, but further research is required for
understanding the source of this signal.

To analyse the variation in peak frequency signals during the SDT for samples with
different internal degrees of damage, the distribution of the three peak frequency bands
were expressed as a percentage of the total number of signals and plotted in Fig. 4. The
results show that while performing the SDT on a sample with a higher damage degree
(i.e. class II), significantly more high frequency signals were recorded, indicating that
additional internal damage was induced. On the other hand, in samples with a lower
degree of damage (i.e. class I), mainly signals in the middle frequency band occurred,
indicating the process of crack closure. Therefore, it can be found that samples with
a higher degree of damage would exhibit enhanced internal damage, through the SDT
when applying a too high of a loading level.

Sanchez et al. have already discussed that the extent of damaging effect during load-
ing depends on both the extent of the ASR-reaction as well as the scale of the applied
techniques for evaluation [6]. It is very likely that AE indicated the occurrence of micro-
cracking, which do not necessarily lead to a reduction in mechanical performance. Nev-
ertheless, for better understanding the stress-strain behaviour of ASR-affected concrete,
knowledge on the stiffness reduction, nonlinear stress-strain behaviour and dissipated
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energy is required [11]. The stiffness damage test has this potential, however, the stress-
strain relation and the evaluated parameters should only represent internal damage due
to ASR. It is therefore imperative that the loading level does not necessarily induce addi-
tional damage during the test. If there was damage induced during the test, then there
should be an increase in dissipated energy, increase in plastic deformation and decrease
in modulus of elasticity which then is incorrectly associated with ASR. Therefore, AE
could be used to establish the critical loading level, for which no signals in frequency
band III occur (Fig. 3).

Fig. 3. Peak frequency distribution in relation to time and the loading sequence of the SDT.

Fig. 4. Variation in the three frequency bands by average number of signals [%] during the SDT
samples with a different damage degree.
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4 Concluding Remarks

From this study it can be concluded that the non-destructive character of the stiffness
damage test depends the critical load level in relation to the internal degree of damage.
For a higher degree of internal damage, the loading level should be reduced, and should be
considereddependingon the internal damagedegree rather than the concrete compressive
strength.

For further research, a constitutive relation between internal damage induced byASR
and the critical loading level for the stiffness damage test should be established. The use
of acoustic emission is a very useful tool to find the critical loading level for the stiffness
damage test. Small scale cracking and crack propagation, indicated by high frequency
signals in frequency band III, should be avoided and the loading level must be tailored
to this. Furthermore, it should be verified whether these high frequency signals indeed
lead to increase of internal cracking and what is the extent of these cracks.
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