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ABSTRACT. Concrete is still considered to be very durable material for a long
time. However many constructions have shown degradations during their
service life. To ensure safety, stability and serviceability of civil engineeting ciasion: Hassani, N. Dehmous, H.,
structures, understanding of deterioration processes and their effect on the EXperimentaldanalysis ofh short  concrete

column  under  hygrothermo-mechanical

residual structural load capacity is necessary. This paper is based on the
experimental study of short prismatic concrete columns under the
hygrothermo-mechanical aging process. To investigate the effects of the
exposure conditions on the strength of specimens, combined Ultrasonic Pulse
Velocity testing and compression loading testing was used. It can be observed
from the results obtained in this work that the ultrasonic pulse velocity
measurements agree well with the experimental results obtained from the
compression loading testing. Results indicate that in first time, degradation of
specimens occurs slightly. After that the degradation becomes notable. It also
indicates that the degradation due to the combined effect of the
hygrothermo-mechanical aging process is higher than when we consider
hygrothermal and mechanical process separately.
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INTRODUCTION

ue to its high strength, cost, and durability, reinforced cement concrete has been for many years, the first choice
to be used as a building material. In fact, concrete structures are characterized by their relatively long durability.
However, as a tesult of mechanical and chemical attacks (load-unload, temperature/moistute fluctuations,
corrosion of reinforcement), premature failure of structure is often observed. Sanjeev Kumar Verma et al. proposed a
simple diagram, shown in Fig.1, to illustrate the process of deterioration, reduction in strength and service life of an
existing structure during its in-service [1]. It can be seen from this figure that residual life of a concrete structure at current
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time depends on the present performance, rate of deterioration and minimum acceptable performance [1]. To ensure
safety, stability and serviceability of civil engineering structures, continuous structural monitoring of these structures is
necessary [2].To perform quantitative predictions of the service life of civil engineering structures, it is essential to better
understand the mechanisms of the different degradations processes and their kinetics [3]. Generally, damaging of a
concrete structure comprises two successive stages [4, 5, 6]; the first named a latent stage corresponds to the slow
concrete damage, without any visible effects. The second named a propagation stage of the material damages and in which
damages are visible. Several research papers have focused on the influence of environmental factors on concrete structure
elements [7, 8, 9]. This was done either by considering the separated effect of mechanical loading and the hygrothermal
exposure [10, 11, 12, 13, 14] or by considering the combined effect of the hygrothermo-mechanical conditions [15, 16, 17,
18, 20]. In addition, researchers consider normalized specimens which don’t represent a reality in term of slenderness ratio
h/b where h and b represent respectively the height and the width of specimens, as is show in the recent review published
by OlaAdel Qasim [20]. Furthermore, to consider the mechanical loading, researchers often consider the ultimate load
capacity (yielding point of concrete element) [16].
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Figure 1: Deterioration process of structural performance over a period of time [1].

In this work, we report on the experimental analysis of short concrete columns under the combined effects of the thermal
(temperature), hygric (moisture) and mechanical (displacement) aging. In addition, for more realistic evaluation, we
propose a mechanical aging process (load-unload) by considering the design strength according to the technical standards
related to the design of concrete structure instead of the ultimate strength [21]. We also report on the effect of slenderness
tatio h/b. Finally, to quantify degradation of specimens, we combine ultrasonic pulse velocity test (UPV) as non-
destructive testing (NDT)and compression loading test as destructive testing (DT).

MATERIALS AND EXPERIMENTAL PROGRAM

Materials
wenty seven short prismatic columns specimens were prepared from the same concrete mixture, using Portland
cement CPJ-CEM II/B 42.5 N, natural river sand (fine aggregates) and crushed gravels (coarse aggregates). Tap
water was used for mixing and curing. The mix proportion used is shown in Tab. 1. To characterize the concrete
used in this study, three prismatic specimens were prepared from the mixed concrete and tested at an age of 90 days. The

density and the ultimate strength labeled Ru of the concrete measured in the axial compression test are summarized in
Tab. 2.

Sand Gravel Gravel .
0-3 [mm] 3-8 [mm] 8-15 [mm] Cement Water W/C ratio
621 370 850 350 182 0.52

Table 1: Concrete mixture proportions [kg/m?).
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Specimens
Properties Mean Star}dgrd
1 2 3 eviation
Density [kg/m3]x103 2.35 2.39 2.35 2.36 0.018
Ultimate strength [KNN] 118.6 127.85 111.62 119.35 0.647

Table 2: Density and compressive strength results (after 90 days).

Specimens preparation and grouping

Twenty one prismatic specimens with dimensions of 7cmX7cmX28cm, were prepared and organized into three groups
according to the exposures conditions. In addition, in order to analyze the effect of the slenderness ratio, three prismatic
specimens with dimensions of 7ecmX7cmX14cm and three prismatic specimens with dimensions of 7cmX7cmX7cm were
prepared. Details of specimens used in this study are shown in the Tab. 3.

. Hygro-thermal Mechanical exposure h/b Number of
Group Notation . .
exposure Load-Unload ratio specimens
Group I SC-1 Yes No 4 3
SC-11-30 No 30% of Rd 4 3
Group 11 SC-11-50 No 50% of Rd 4 3
SC-11-70 No 70% of Rd 4 3
SC-111-30 Yes 30% of Rd 4 3
Growp L g 11150 Yes 50% of Rd 4 3
SC-III-70 Yes 70% of Rd 4 3
Group IV SC-IV70 Yes 70% of Rd 2 3
Group V. SC-V70 Yes 70% of Rd 1 3

Table 3: Detailed grouping of short column specimens.

Hygrothermo-mechanical aging process

Hygrothermal conditions consist of: first, immersion in tap water for 24 hours, second, evaporation of excess water in
ambient air temperature for 24 hours and finally temperature cure cycle as shown in Fig. 2. Detailed temperature cure
cycle is shown in Fig. 3. We have chosen this temperature cycle in order to reproduce the climatic conditions in Algeria,
characterized by a cold and humid winter where the temperatures are low and by a hot and dry summer where the
temperatures are very high [21]. The mechanical process consists of a longitudinal compression load-unload with different
levels of applied load. For a realistic evaluation of the durability of the short concrete column, we follow the technical
standards reported by P. Bamforth et al. [22] in which the design strength (design load) labeled Rd is calculated from the
ultimate strength value Ru. As such, the value obtained represents the reference value of the short column capacity. In our
study, three level of mechanical loading process are retained, each level representing respectively 30%, 50% and 70% of
the design strength value Rd calculated. The choice of these three loading levels is intended to reproduce respectively
Low-level exploitation, medium-level exploitation and high-level exploitation of concrete structures in service.

Static compression load-unload testing

All of the measurements were carried out in an Ibertest universal testing machine having a maximum load capacity of
250kN, as shown in Fig.2. Specimens are loaded from 0 kN to the percentage of Rd load defined as indicated in Tab. 3.
After that, the measurement is stopped and specimens are unloaded. For each specimen, a controlled loading rate of
3.5 kN/s was used to conduct the compression test.
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Figure 2: Hygrothermo-mechanical aging process.
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Figure 3: Temperature cure process.

Proceq PUNDIT Lab+

Transmitter
transducer

Figure 4: Principle and main components of UPV measurements Proceq PUNDIT Lab+.

Ultrasonic pulse velocity (UPV/) testing procedure

To monitor the behavior of the concrete element in service, over a long period, it was imperative that these tests must be
nondestructive. UPV testing of concrete is an effective non-destructive testing method for quality control of concrete, and
detecting damages in structural’s components [23, 24, 25, 26, 27]. UPV test procedure is given in ASTM C597. The test
consists of measuring the time required for a pulse of ultrasonic stress-wave energy to travel through a concrete member.
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As shown in Fig. 4, Proceq Portable Ultrasonic Non-destructive Digital Indicating Test (PUNDIT Lab+ ) is used for
this purpose. Two transducers, one as transmitter and the other one as receiver, are used to send and receive
54 kHz frequency. The velocity of the wave is measured by placing two transducers, one on each side of concrete
element. In order to ensure effective transfer of the wave between concrete and transducer a thin grease layer is applied to
the surface of transducer. For each specimen, five measurement points were selected as shown in Fig. 5. Three
measurement points along its length were selected for transversal direction. One point is selected in the longitudinal
direction while the third is chosen to be used for the semi-direct measurement. To reduce the influence of error and to
ensure the repeatability of results, for each measurement point, three measures were made.

.\ \Measure point 3
0\ Measure point 2 Measure point 4
\ Measure point 1
a) Transversal measurement b) Longitudinal measurement ¢) Semi-direct measurement

Figure 5: Different positions of transducer placement used for UPV measurements.

QUANTIFICATION OF AGEING DEGRADATION OF CONCRETE SHORT COLUMN SPECIMENS

s already indicated in the introduction, to quantify degradation of concrete specimens, we combine UPV testing
and compression testing.

Initial nltrasonic pulse velocity results (before starting aging process)

Results of the statistical analysis for velocities of ultrasonic waves propagating through the concrete short column,
measured before starting the aging process are summarized in the Tab. 4 and shown in Fig.6.It can be seen from Fig. 6
that all measurements present an asymmetrical distribution. In fact, as observed from Tab.4, longitudinal measurements
distribution presents a negative value of skewness coefficient. It means that, the longitudinal UPV measurements values
spread out more to the left of the sample mean than to the right. In the other hand, transversal and semi-direct
measurements distributions present a positive value of skewness coefficient what indicates the UPV measurements values
spreads out more to the right of the sample mean. The coefficient of variation Cv is a statistical measure of the relative
dispersion of data points in a sample around the mean. It represents the ratio of the standard deviation Std to the mean
multiplied by 100.The higher the Cv, the greater the dispersion in the variable. As we can see in Tab. 4, the maximal value
of the coefficient of variation is less than 5.6%. This indicates that we do not observe a high dispersion of UPV
measurements.

Configizion  Srmple Mean Median Mode Max Min Skewness Kurtosis Std Cv

measurement size

Longitudinal 42 4680.76 4710 4719 4845 4494 -0.18 -0.65 86.96 1.8%
Transversal 126 4955.63  4898.5 4895 5312 4730 1.24 0.57 124.60  2.5%
Direct* 168 4886.91 4892 4895 5312 4494 0.22 0.25 166.43  3.4%
Semi-direct 42 5172.14 5053 5052 5942 4785 1.11 0.46 289.08 5.5%

Table 4: Statistical parameters of UPV measurements. (¥) correspond to the longitudinal and transversal measurements results
obtained over the same length of time
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Figure 6: Frequency histogram of ultrasonic velocities measured before starting aging process

Ultrasonic pulse velocity time evolution (after aging process)

Evolution of the ultrasonic wave velocities, propagating through the concrete short column specimens under the three
loading levels 30%, 50% and 70% of design strength Rd, measured during the hygrothermo-mechanical aging process are
shown in Fig.7. Results are presented in terms of the ratio of the instantaneous ultrasonic wave velocity UPV of damaged
material measured after n cycles of the aging process to the origin ultrasonic wave velocity UPVo of undamaged material
measured before starting the aging process. As illustrated in Fig. 7, for all specimens, after n cycles of the aging process
there is an attenuation of ultrasonic wave velocity. It represents the response of concrete short column specimens to the
degradation of internal properties. As we can see from Fig. 7, from the cycle 1 to the cycle 20, the attenuation of
ultrasonic wave velocity is low for specimens loaded with 30% of Rd. from the cycle 1 to the cycle 14, the attenuation of
ultrasonic wave velocity is low for specimens loaded with 50% of Rd. from the cycle 1 to the cycle 10, the attenuation of
ultrasonic wave velocity is low for specimens loaded with 70% of Rd. After that for all specimens, the attenuation of
ultrasonic wave velocity is more notable and increases with the increasing of number of aging cycles. Fig. 7 shows also
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that the attenuation of ultrasonic wave velocity obtained after n cycles, for specimen loaded with 70% of Rd is greater
than the attenuation of ultrasonic wave velocity obtained after n cycles for specimens loaded with 50% and 30% of Rd.
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Figure 7: Time evolution of the UPV according to load level applied

Evolution of the ultrasonic wave velocities, propagating through the concrete short column specimens according to the
three exposure conditions; hygrothermal process, mechanical process and the hygrothermo-mechanical process are shown
in Fig. 8. Results are presented in terms of the ratio of the instantaneous ultrasonic wave velocity UPV of damaged
material measured after n cycles of the aging process to the origin ultrasonic wave velocity UPVo of undamaged material
measured before starting the aging process. As illustrated in Fig. 8, for all specimens, after n cycles of the aging process
there is an attenuation of ultrasonic wave velocity. As we can see from Fig. 8, the attenuation of ultrasonic wave velocity
obtained after n cycles, for specimen under the hygrothermo-mechanical aging process and mechanical aging process atre
significantly greater than the attenuation of ultrasonic wave velocity obtained after n cycles for specimens under the
hygrothermal aging process.

The decay curve of ultrasonic wave velocity of all specimens, as shown in Fig. 8, exhibits generally different stage
behavior. In fact, As shown in Fig. 8, from the cycle 1 to the cycle 14, the attenuation of ultrasonic wave velocity is low
for the specimens under the mechanical aging process. After the cycle 14, the attenuation of ultrasonic wave velocity
becomes notable and increases with the increase of the number of cycles. In case of specimens under the hygrothermal
aging process, there is slightly effect on the attenuation of ultrasonic wave velocity.

Evolution of the ultrasonic wave velocities, propagating through the concrete short column specimens with three values
of the slenderness ratio h/b under the hygrothermo-mechanical aging process loaded with 70% of Rd, ate shown in
Fig. 9. As a reminder, h and b represent respectively the height and the width of specimens. Results are presented in terms
of the ratio of the instantaneous ultrasonic wave velocity UPV of damaged material measured after n cycles of the aging
process to the origin ultrasonic wave velocity UPVo of undamaged material measured before starting the aging process.
As illustrated in Fig. 9, for all specimens, after n cycles of the aging process there is an attenuation of ultrasonic wave
velocity. As we can see from Fig. 9, from the cycle 1 to the cycle 10, the attenuation of ultrasonic wave velocity is low.
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After the cycle 10, particulatly for specimens with the slenderness ratio equal 2 and 4, the attenuation of ultrasonic wave
velocity is more notable. In case of specimens with slenderness ratio equal 1, the attenuation of ultrasonic wave velocity
becomes notable after the cycle 16.
When we compare the attenuation of specimens with slenderness ratio 4, 2 and 1 after aging process, the ratio
UPV/UPVo equal respectively 0.2, 0.24 and 0.27. Although this difference is small, it still indicates that the h/b ratio has

an effect on the behaviour of specimens.
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Figure 8: Time evolution of the UPV for specimen loaded with 70% of Rd according to the exposure conditions
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Damage of short concrete column according to UPV” measurements

The damage variable D can be defined with ultrasonic wave velocity as D=1-(UPV/UPVo0)?, where UPV is the
instantaneous ultrasonic wave velocity of damaged material after n cycles of aging process and UPVo is the origin
ultrasonic wave velocity of undamaged material before starting the aging process [28].As illustrated in Fig. 10 and Fig. 11,
the damage variable D of all concrete short column specimens increases with the increasing number of cycles. As we can
see from Fig. 10, the damage D obtained after aging cycles, for specimen loaded with 70% of Rd is greater than the
damage D obtained for specimens loaded with 50% and 30% of Rd.
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Figure 10: Damage time evolution according to loading level applied

It must be indicated that for specimens loaded with 50% and 70% of Rd, the final damage value is practically the same in
case of longitudinal measurement, whereas it is different in the case of transversal and semi-direct measurements. As we
can see from Fig. 11, the damage D obtained after aging cycles, for specimen loaded under the hygrothermo-mechanical
process is greater than the damage D obtained for specimens under the mechanical process. It must be indicated that the
final value of the damage after 40 cycles is practically the same. In case of specimens under the hygrothermal process, the
damage value is less significant compared to the two other specimens.

Load-displacement curve results

In this section, we report on our study of the damage behavior of specimens is studied with using the destructive test. Our
analysis is based on the load-displacement cutrve obtained with longitudinal compression test. As an example, we show in
Fig. 12 a typical experimental load-displacement curve obtained. At the beginning of the aging process, cutves ate
practically parallel while at the end of aging process there is a larger and larger displacement going from 0.6 to 1.8 mm.
Fig. 13 shows the experimental load-displacements curves of the specimens loaded with different value of compression
loading, namely 30%, 50%, 70% of Rd and under different exposure conditions namely mechanical and hygrothermo-
mechanical aging process. The load-displacements curves obtained have practically the same evolution. It can be observed
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that with the increasing of the number of aging cycles, the load-displacement curves are gradually more inclined. This
indicates that material stiffness gradually decreases. As a result, for the same value of load there is a larger value of
displacement.
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Figure 11: Damage time evolution according to exposure conditions for specimen loaded with 70% of the design strength Rd;

60

to th622|"d cycle

50+

Load (kN)
[In]
o
:

¢ = i i i i i
0 04 06 038 1 12 14 16 18 2
Displacement {mm)

Figure 12: Load-Displacement cutrve of concrete specimen loaded with 70% of the design strength Rd.
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Figure 13: Load-displacement curves obtained for different specimen.

We present in Fig.14 the time evolution of the load-displacement curve of the concrete short column specimens for
different level of load applied. First, it can be seen that for the first cycle, load-displacement curves are the same. This
indicates that there is no notable damage early in the aging process. This confirms that there is not a high variability of our
concrete quality. This agrees well with the statistical analysis of the initial ultrasonic pulse velocity measurements presented
above. Second, as the number of aging process increases, the difference between the curves is more notable. This
indicates that after several aging process cycles, the degradation was more notable.

Fig. 15 shows the time evolution of the load-displacement curve of the concrete short column specimens for different
exposure conditions. As observed using Fig. 15, we see that at the start the aging process, load-displacement curves
remain the same. In addition, just as observed above, as the number of aging process increases, the difference between the
curves grows.

To illustrate the behavior of the short concrete column specimens under different loading and exposures conditions, load-
displacement curves obtained after the 2204 aging process, are compared in Fig. 16 to the load-displacement curve of the
reference specimen obtained from characterization of the concrete short column specimens. It can be observed that the
load-displacement curves obtained after aging process are under the reference specimen curve. This difference can be
explained by the loss of the rigidity of specimens due to the degradation that has occurred gradually with the aging
process. It can be seen also from the Fig. 16 that this difference increases when level of loading increases, and when we
consider a coupled hygrothermal and mechanical aging process.
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Damage variable D can be expressed as the loss of stiffness. In this case, the damage variable is defined with Young’s
modulus as D=1-E¢/Eo, whete Eg is the Young’s modulus of damaged matetial after n cycles of aging process and E is
the Young’s modulus of undamaged material before starting the aging process [28]. By considering the shape of the curves
in Fig 12 we define two Young's moduli, namely the initial and final Young's modulus. The initial Young’s modulus is
calculated in the first part of the load displacement curve after 5kN and the final Young’s modulus is calculated in the
second part of the load displacement curve. Fig. 17 shows the time evolution of damage variable D for concrete short
column specimens under hygrothermo-mechanical aging process loaded with 70% of Rd. As we can see from Fig. 17, the
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damage variable D of specimens increases with the increasing number of cycles. Fig. 7 shows that from cycle 1 to cycle 9,
the value of the damage is low and equal 0.1. The damage calculated by considering the initial and final Young’s modulus
is practically the same. From the cycle 10 the difference becomes notable. After 22 aging cycles, the damage obtained by
considering the initial Young’s modulus equal 0.67 and the damage obtained by considering the final Young’s modulus
equal 0.5. We present in Fig. 18 the time evolution of cracks in specimen loaded with 70% of the design load Rd. At the
beginning of the aging process as shown in Fig. 18-a no more cracks ate observed. As shown in Fig 18-b and 18-c, as
aging cycles increased, more cracks are observed. At the end of aging process as shown in Fig. 18-d cracks propagate and
appear in all regions of the short column specimens.

120 1 T T T T T T
Reference specimen ; P
Mechanical aging loaded with 50°% of Rd
— Hygrothermo-mechanical aging loaded with 50% of Rd
100 Mechanical aging loaded with 70% of Rd = a
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Figure 16: Load-Displacement curve evolution of specimens compared to reference concrete.
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Figure 17: Time evolution of damage variable for specimen under hygrothermo-mechanical aging process loaded with 70% of Rd.

In Fig. 19, we show the time evolution of the damaged specimen for different loading levels. The damage is defined by
the ratio d/dmax where d represents the displacement measured in compression loading process and dmax represents the
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maximal displacement obtained in the compression test. The ratio, d/dmax, increases after aging process. This indicates
that there is a lost of rigidity. Fig. 20 represents a graph showing the specimen loaded with 50% of Rd, damage time
evolution according to exposure conditions. The damage is also defined by the ratio d/dmax. Fig. 20 shows that the ratio
d/dmax is practically the same when we start the aging process. Progtessively, after several cycles of the aging process, the
ratio d/dmax corresponding to the coupled hygrothermo-mechanical aging process is slightly higher that the ratio d/dmax
corresponding to the mechanical aging process.

Comparison between the UPV testing and compression testing measurements

Fig. 21, shows the time evolution of the damage variable according to the different formulations of the damage D. As we
can see, the damage calculated according to the transversal and semi-direct UPV measurement is greater than the damage
calculated according to longitudinal UPV measurements and compression test particularly from the cycle 3 to the cycle 17.
After that the difference between the different formulations of D becomes low. In fact, the maximum difference equal
0.26 is obtained in the cycle 6 and cycle 12 when the minimum difference equal 0.08 is obtained in the cycle 20. Globally,
with the increasing of the aging cycles, UPV testing measurements agree well with the compression testing results.

a) After 10 cycles b) After 20 cycles ¢) After 30 cycles d) After 40 cycles
Figure 18: Time evolution of cracks for specimen loaded with 70 % of design strength Rd.
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Figure 19: Damage time evolution according to loading level.
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CONCLUSIONS

he aim of this work is to study the combined effects as expected in real-life conditions, of the hygrothermal and
mechanical exposure conditions on civil engineering structures. This experimental work illustrates a combined
non-destructive (NDT) assessment and destructive (DT) assessment of concrete prismatic short column
deterioration under a combined effect of the two alternating processes: mechanical loading (compression load-unload) and
hygrothermal exposures conditions (immersion in water for 24 hours, evaporation of excess water in ambient air
temperature for 24 hours and finally temperature cure cycle). For detecting damages in concrete specimens, ultrasonic
pulse velocity (UPV) testing and compression testing are used. Based on the experimental observations of the behavior of
short concrete columns under these two alternating processes, it can be observed that:
e For all specimens, after n cycles of the aging process there is an attenuation of ultrasonic wave velocity. this
observation agrees well with results obtained from [29].
e At the beginning of the aging process the ultrasonic pulse velocities decrease slightly while at the end, the
decrease is notable. In fact, the decay curve of ultrasonic wave velocity of all specimens, exhibits generally three-
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stage behavior particularly in case of specimens under mechanical and hygrothermo-mechanical aging process. it
is not easy to distinguish between these three stages, but this corresponds to the results found by [28].

e The hygrothermal aging process has a slight effect on the ultrasonic wave propagation velocity compared to the
effect of the loading process and/or the effect of the combined hygrothermo-mechanical process.

e The attenuation of ultrasonic wave velocity increases when load level applied increases.

e The slenderness ratio effect on the attenuation of ultrasonic velocities measured in this work appears slightly
according to the values of h/b considered. For motre comprehension, it will be interesting to investigate the high
values of this ratio.

e At the beginning of the aging process, load-displacement curves remain the same. As the number of aging
process increases, the difference between the curves becomes more notable.

e  Globally, with the increasing of the aging cycles, UPV testing measurements agree well with the compression
testing results.

e The decay curve of ultrasonic wave velocity is capable of reflecting the evolution process of degradation
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