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Abstract
The  knowledge  of  water  gradient  in  cover  concrete  is  of  primary importance  for  the

estimation of concrete durability. In this paper the influence of water gradient on surface wave
phase velocity dispersion curves is  studied on concrete slabs during water absorption and
drying. The comparison of surface wave phase velocity dispersion curves measured at various
times corresponding to different water gradients shows that surface waves are sensitive to
water  ingress.  Furthermore,  taking  information  from  embedded  sensors  and
gammadensimetry, and using master curves established for an homogeneous water content, it
is possible to predict the surface wave phase velocities variations. This suggest that, even-
though the variations of surface wave phase velocity are only a few %, the comparison to a
reference state should make it possible to follow variation of water gradient.
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1. Introduction

Many  non  destructive  techniques,  among  which  some  of  the  most  sensitive  are
electromagnetic and resistivity methods, are currently being developed to recover the water
gradient in concrete [1-6]. The presence of ions (for instance chloride) in the water as well as
the complexity of the material itself advocates for combinations with other NDE techniques
such as ultrasonic methods which are sensitive to concrete properties in a complementary
way [7,8].

In  the  EVADEOS  French  ANR  project  [9]  measurements  on  various
0.6 m x 0.25 m x 0.15 m concrete  slabs,  combining  embedded  thermo-hygrometric  sensors
(THR), gammadensimetry and numerous NDE methods, have been performed during water
absorption and drying. A summary of all the results obtained can be found in [10]. In this
companion paper we focus on the influence of water gradient on Surface Wave (SW) phase
velocity dispersion curves.

After a synthetic description of the experimental set-up, we compare SW phase velocity
results  at  given  wavelengths  with  THR  and  gammadensimetry  profiles  as  a  function
imbibition time. Then, based on previous work  [11]  on the influence of  an homogeneous
water saturation level (from 0% to 100%) on surface wave phase velocity, and the actual THR
profiles we estimated the SW phase velocity dispersion curves as a function of the water
gradient and compare the computed solution to that actually measured.

2. Description of the concrete slabs and imbibition process
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Surface Wave (SW) measurements have been performed on 3 concrete slabs (composition
given in table 1) in which calibrated thermo-hygrometric probes have been embedded at 5
different depths (Fig. 1). 

Table 1. Concrete mix design and properties in saturated conditions (saturated)

Concrete C1

Aggregate type (kg/m3) SR 14

Aggregate size 4-14 (kg/m3) 1019

Sand 0-4 (kg/m3) 941

Cement CEM I 52.5 N Calcia (kg/m3) 240

Total water (kg/m3) 193

Superplasticizer (kg/m3) 0.96

Water-to-cement ratio W/C(-) 0.8

Compressive strength (28 days) Rcsat (MPa) 21.5±1

Static Young's modulus (28 days) Esat (GPa) 24.9±0.04

Apparent saturated mean density ρsat (kg/m3) 2405±8

Open porosity (water saturation) φ (%) 18.3±0.3

Before the NDT experiment, the slabs (aged 1,5 year) were oven dry at 40 °C during 7 days
and then sealed in plastic bags during 3 months for water content homogenization. At time t0
one face of the slab is immersed in water, and, at regular intervals, SW measurements are
performed on each side (wet face and opposite dry face): at t0, t0+~1/2,  +~1, +~2, +~4, +~6,
+~8,  +~14,  +~32,  +~54,  +~128  hours  (exact  time  being  recorded).  The  time  in  hour
corresponds to the time spent in water. At t0+~8h the slabs are sealed in plastic bags and the
measurements are continued the following day starting at  t0+~8h'. Detailed information can
be found in [Villain 2015].

In addition cylindrical specimens dedicated to gammadensimetry [12] following the same
protocol are used to quantify the water gradient.

Figure 1: Picture of one slab showing the depth of each THR probes (red circles at 15, 25, 40, 60 and
120 mm from the surface). 

3. Description of the surface wave measurement

3.1 Surface Wave probe MACSYS

A dedicated homemade dry contact multi-element US probe, called MACSYS, was used to
measure SW seismograms (Fig. 2). This probe has been designed after a laser robot [11] that
could  not  be  conveniently  used  outdoor  in  extensive  measurement  campaigns.  In  situ
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measurements performed with MACSYS confirm its efficiency even in the presence of rough
surface.

The sampling frequency is 5 MHz. The source signal is a Ricker wavelet with a central
frequency equal to 100 kHz.

Figure 2: Picture of MACSYS. The US probe is made of 13 dry contact ACSYS® sensors.

In order to measure the coherent surface wave-field we average 15 seismograms measured
for  15  positions  of  MACSYS.  Those  positions  are  randomly  chosen  by  the  operator.
Measuring  the  coherent  wave-field  improves  the  robustness  of  the  method  together  with
providing an information that is independent of MACSYS position [13]. Figure 3 shows the
seismogram  measured  at  t0 on  the  dry  face.  Signal  to  noise  ratio  is  good  for  all  the
measurements performed during the imbibition.

Figure 3: Average seismogram measured at t0 on the dry face.

3.2 Surface Wave signal processing

The surface wave phase velocity dispersion curve is computed by a p-ω transform [14].

Figure 4 shows in red the 15 individual phase velocity dispersion curves as well as that of the

coherent wave-field in black. The phase velocities (Vφλ=2,6cm) at wave-lengths λ = 2,3,4,5,6 cm

(after  averaging over  a  wave-length  range  of  ± 5 mm)  are  extracted  from phase  velocity

dispersion curve of the coherent wave-field. For instance, Vφλ=3cm is estimated by averaging

the phase velocity of the black curve between the central 2 doted lines. Intrinsic quantitative
information can only be obtained from the dispersion curve by solving an inverse problem
that gives shear-wave velocity as a function of depth. This last step is discussed in the last
paragraph of the paper.
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Figure 4: Phase velocity dispersion curves at t0 (dry face) obtained after p-w transform of each
seismogram (in red) and that of the coherent wave field (in black).

3.3 Comparison of SW results with THR and gammadensimetry

Figure 5b shows the variation of surface wave phase velocities Vφλ=2,6cm on the dry face.

They are within the precision range of the method, nonetheless some relevant patterns can be

observed: 1/ at t0, Vφλ=2,6cm are slightly higher that their counterpart on the wet face (Fig. 5a)

indicating a gradient within the whole slab; 2/ Vφλ=2,6cm  are stable with time and show a slight

mechanical gradient property (velocity increase with depth) due to a skin effect and diffusion
on the aggregates [13]. 3/ During the first night (between t0+~8h and t0+8h'), while the slabs
are sealed in plastic bags, water continues to move within the slab, the wet face dries and
moisture is brought to the dry face, thus the difference between  t0+~8h and  t0+~8h' is higher
for shorter wavelengths. This is  confirmed by NDT capacitive measurements  [10]  and by
gammadensimetry profiles (Fig. 8).

Figure 5: Evolution of US surface wave phase velocity Vφλ=2,6cm   vs. time corresponding to

wavelengths equal to λ = 2, 3, 4 5 and 6 cm (mean value and standard deviation on 3 slabs) – a)

From the slab wet face – b) From the slab dry face
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Figure 5a shows the variation  of surface wave phase velocities  Vφλ=2,6cm on the wet face.

Vφλ=2,6cm vary with the ingress of water in the material. Starting from low saturation levels up

to full saturation, the velocity may decrease and then increase as depicted in figure 6.
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Figure 6: SW phase velocity (Vφλ=3cm) vs. water content for several concrete mixes measured

during ANR-SENSO research project. Water content is homogeneous in the slab (there is no
water gradient). From [11].

This is clearly observed in figure 5a for the shortest wave-lengths. The latter, as water enters
concrete,  tend  to  converge  towards  a  common  value  making  possible  the  monitoring  of
concrete saturation in level (increase of water content) as well as in depth (propagation of the
water  front).  As  the  actual  surface  wave investigation  depth  is  around 30 mm,  it  can  be
deduced that, after around 14 hours, the water saturation level is almost homogeneous within
this thickness.

Figure 7: Saturation degree obtained with the THR probes as a function of time. The results
obtained with the 15 mm deep probe (red thick line) are manually corrected to give the red

dotted line.

The THR embedded probes enable to monitor  the progression of the water penetration
front during the imbibition process (Fig. 7). The relative humidity (RH) is obtained after a
calibration  and  transformed  into  degree  of  saturation  by  using  the  concrete  adsorption
isotherms [10]. The initial saturation degree S (at t0) is between 33.8 and 36.4 %. The inner
slab  seems  to  be  slightly  more  humid  than  the  faces  (more  visible  with  RH).  Below  a
thickness  of  around  50 mm water  saturation  remains  almost  unchanged  (except  for  time
t0+~128h).
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Figure 8: Profiles of saturation degree obtained with gammadensimetry. From [10]

The gammadensimetry also makes it  possible  to  monitor  the progression  of  the water
penetration front during the imbibition process but on a special core [12]. It can be noticed
that,  during the night  in  the plastic  bag,  water  is  moving:  drying on the humid face and
penetrating deeper. Meanwhile, at t0+14h, the water front finds its shape again. As for THR,
during the first 32 hours, saturation level below 50 mm stays constant.

4. Water  saturation  monitoring with surface  wave:  towards  quantitative
estimation

4.1 A priori information on the water gradient

In the following we use the information from the THR probes and gammadensimetry to
prognostic SW results. At each time,  t0+~”X”hours, the water saturation level is estimated
constant in a succession of layers. The THR probes (Fig. 9 in green) lead to models with
5 layers (15 mm, 10 mm, 15 mm and 20 mm thick),   gammadensimetry (Fig. 9 in blue) to
17 layers of equal thickness (6 mm).

a) b)

Figure 9: a) Water saturation level as a function of depth at t0 (dotted line) t0+~14h (solid line)
for THR (green) and gammadensimetry (blue) results; b) SW phase velocity vs. saturation
calibration curves (green : THR, blue : gammadensimetry) when there is no water gradient.

A tentative explanation of the difference between THR and gammadensimetry results is
given  in  [10].  To show that  the  variations  of  water  gradient  lead  to  feasible  SW phase
velocity, an estimation, in the case of water saturation homogeneous in depth, of SW phase
velocity versus saturation is determined thanks to a trial and error process (Fig. 9 b).
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4.2 Forward modeling and comparison with experimental data

Starting from the THR and gammadensimetry results, here considered as reference values,
and using the calibration curves given in figure 9b, the SW dispersion curves at each time
t0+~”X”h are computed using geopsy software package [15]. Figure 10 shows in solid lines

(THR in green and gammadensimetry in blue) the computed Vφλ=3cm  on top of the MACSYS

measured values. It proves difficult to match perfectly the measured curve starting from THR
and  gammadensimetry  information,  nonetheless  the  variation  with  time  of  the  modeled

Vφλ=3cm  are similar to MACSYS values emphasizing the sensitivity of SW to water gradient.

The next  step would  be to  solve the inverse problem (inversion of the phase velocity
dispersion  curves  at  each  time  step)  to  get  VS  profiles  as  a  function  of  depth.  Next,  a
promising challenge would be to inverse the SW phase velocity differences between two time
steps to recover variation of water content as a function of depth.

Figure 10: Vφλ=3cm  for all imbibition times. Comparison of  modeled values (solid line) with

MACSYS measured values (+ and * markers).

5. Conclusions and further researches

The  experiment  conducted  shows  that  monitoring  of  water  content  with  depth  using
surface wave is  possible.  Nonetheless  the inversion  of  surface wave dispersion  curves  to
recover intrinsic properties in in situ measurements (shear wave velocity with depth) is a real
challenge as phase velocity variations  are lower than 10% and the relation between shear
wave velocity and saturation levels is non-linear.
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