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Abstract. Waterway structures like locks are exposed to a severe freeze-thaw-attack. A sufficient
resistance of concrete against this exposure has to be assured. In Germany the concrete for the
exposure class XF3 of federal waterway structures has to be tested in the laboratory by the CIF-Test
in addition to descriptive requirements. To establish this procedure experiences on concrete mix
designs which have been applied in the past were considered as well as research concerning the
transferability of laboratory tests to practical experience. One important aspect was a service life
study on the degree of water saturation of the concrete under practical conditions in combination with
the temperature exposure. The paper presents the results of freeze-thaw tests on lab specimens and
cores of concrete elements stored differently and tested at different ages. For a better understanding of
the processes of the freeze-thaw attack during the freeze-thaw tests monitoring data of resistivity has
been analyzed and compared to hardened concrete properties. The water absorption inside the
specimen during capillary suction and the freeze-thaw-cycles could be monitored at different distances
to the surface. Correlations of the water absorption to the initiation and development of internal
damage were observable. A consideration of the results of the freeze-thaw tests and the resistivity
measurements enables a better evaluation of long-term resistivity monitoring data of a lock. It allows
for an assessment of the transferability of results of the CIF-Test to practical experience.
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1 Introduction

In Germany for hydraulic structures like locks or weirs there are special requirements
concerning concrete properties. As they are massive structures a low heat of hydration of the
concrete to reduce restrain is important and on the other hand a high durability for a service
life of hundred years. Freeze-thaw resistance is a very important durability aspect for those
structures as the high water saturation of the lock chamber walls between head and tail water
results in a severe freeze-thaw attack. During the initial test of the concrete intended for parts
of the structures in XF3 exposure a performance test is required for new structures under the
responsibility of the Federal Ministry of Transport and Digital Infrastructure. The CIF-Test
according to (BAW, 2012) has to be passed. The procedure is similar to the RILEM
recomendation (Setzer et al., 2004).

Before the mandatory introduction of this test questions concerning the transferability of
the results of laboratory tests to practical experience were intensively discussed. To address
that question the monitoring of the temperature and moisture exposure of real structures was
supposed to be an adequate way to get reliable information on this question. Different
structures like bridges, tunnels and locks were equipped with sensors for long term
monitoring campaigns. A detailed analysis of the freeze-thaw attack on concrete structures
based on monitoring data of real structures is published in (Sporel, 2013). The main
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differences between XF1 and XF3 exposure have been worked out for an example of a lock.
The monitoring of the lock has been continued for 16 years during the whole service life of
the lock so far and can be evaluated. As the monitoring data gives an impression of the
complete history of the freeze-thaw attack during the previous service life of the structure
(Spdrel, 2016) it can be considered in evaluating the surface scaling observed at the structure.
To support the evaluation of the long-term resistivity monitoring of the lock the paper
describes resistivity monitoring results on the freeze-thaw attack during the CIF-Test on lab
specimens and concrete cores which were equipped with the same sensors as the lock.

2 Principles to Monitor the Freeze-Thaw Attack on Concrete

2.1 General

Concerning freeze-thaw attack the temperature and the degree of saturation are decisive
parameters. If a critical degree of saturation is reached a freeze-thaw damage can occur
(Fagerlund, 1977). As a continuous direct measurement of the degree of saturation is not
possible an indirect determination of the degree of saturation by means of resistivity
measurements was chosen. A calibration is required to account for different influencing
parameters on the resistivity (Elkey and Sellevold, 1995; Spdrel, 2013).

2.2 Monitoring System

The resistivity measurement was conducted using a multiring electrode (MRE). The MRE is a
sensor consisting of several rings of stainless steel, each with a thickness of 2.5 mm, with an
insulating plastic ring between two steel rings. It enables AC resistance measurements of the
concrete between two adjacent steel rings in eight steps at a frequency of 10.8 Hz and at a
distance of 7 to 87 mm to the concrete surface (Raupach, 1992). A multitemperature probe
(MTP) is installed near the MRE. The MTP is equipped with eight PT 1000 sensors to enable
temperature measurements at eight different distances to the concrete surface. A typical
arrangement of a measuring point is shown in Figure 1.

Figure 1. MRE and MTP (left), Sensor installation in a structure (right) (Sporel, 2019).

2.3 Focus of Data Evaluation

One aspect to evaluate the intensity of a freeze-thaw attack is the number of freeze-thaw
cycles. As the freezing temperature of water in the pore structure of concrete depends on the
pore size (Brun et al., 1977; Setzer, 2000) a simple evaluation of temperature data might be
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misleading concerning the intensity of a freeze-thaw attack. The freezing of water in the pore
structure is decisive to activate the micro-ice-lens pump according to (Setzer, 2002).
Resistivity measurements indicated that a minimum degree of saturation is required for the
freezing of water in the pores (Sporel, 2013). In a hygroscopic saturation state only finer pores
are filled with water and no freezing of water was observed at certain temperatures below 0
°C. The approach of (Brun et al., 1977; Setzer, 2000) could be detected by resistivity
measurements (Sporel, 2013; Sporel, 2016).

The effect of temperature on the resistivity has to be compensated to monitor concrete
saturation. The investigations have shown that the Arrhenius approach (equation 1) is
working well at concrete temperatures higher than 0 °C if the activation energy is determined
and considered adequately (Sporel 2013, Sporel 2016). The constant b correlates to the degree
of saturation of the concrete and has to be adapted at changing degrees of saturation.

(1)

1 1
b =
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Pel =Pel,0 "€
Pel Resistivity at temperature T in Qm
pelo  Resistivity at temperature To in Qm
T, To Absolute temperature in K
b Constant in K

At temperatures below 0 °C the Arrhenius approach is not effective if the degree of
saturation of concrete is high. There is an abrupt increase of the temperature compensated
resistivity if temperature decreases below 0 °C. This takes place in a much shorter time than
observed when wet concrete is drying. These observations were attributed to freezing of water
in the pore structure (Sporel, 2013; Spérel, 2016) and are very helpful as it enables to monitor
freeze-thaw attack in laboratory tests as well as for the data interpretation of the long-term
monitoring of the lock. The potential of resistivity measurements to detect freezing of water
was also observed for cement pastes (Sato and Beaudoin, 2011; Wang et al., 2016).

To evaluate the intensity of a freeze-thaw attack an analysis of meteorological data is not
sufficient. There are relevant differences between freeze-thaw-cycles analyzed on
meteorological data and on the temperature measured in the concrete cover zone. The
difference even rises if freezing effects detected by resistivity measurements in the concrete
are compared to meteorological data (Sporel, 2013).

Using this approach resistivity measurements by means of MREs were used for monitoring
the freeze-thaw attack in lab specimen, small concrete elements and concrete cores. This
enables to evaluate the transferability of results of freeze-thaw lab test to practical application.

3 Investigation Concept

The transferability of results of freeze-thaw tests to practical experience has always been
discussed concerning adequate testing ages and storage conditions of the lab specimens. The
pore structure of the concrete is influenced by that and important as transport mechanisms
play an important role. In (BAW, 2012) the storing conditions for the CIF- and CDF-test are
described for different testing ages. As usually concrete with a slow strength development is
used for hydraulic structures the standard testing age is 56 d after storage in water for 14 d.
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To address this question investigations were realized on a concrete with the same
composition and the same source of raw materials as used in the lock described in (Sporel,
2013; Sporel 2016). A concrete with 270 kg/m3 CEM I11/A 32.5 N LH, 80 kg/m?3 fly ash, a
water content of 143 kg/m? and an aggregate content of 1876 kg/m? was investigated.

A set of five lab specimen for the CIF-Test at different ages were cast as well as two
concrete elements. The concrete elements and two additional lab specimens for each test
series were equipped with MREs and MTPs to monitor the resistivity during the CIF-Test and
the storage of the elements under natural exposure up to a distance to the surface of 42 mm.
The testing ages were set at 28 d, 56 d and 365 d for the lab specimens. At the testing age of
365 d two different storing conditions were applied (demoulding after 14 d; 351 d 20°C, 85 %
rel. humidity; demoulding after 2 d, water storage at 20 °C for 321 d, 20°C/65% rel. humidity
for 42 d). Additionally concrete cores were taken from the concrete element stored in the
field. The cores were tested at an age of 56 d, 365 d and 6.5 a. As example results of the 6.5
years old cores are presented. The design of the element and the position of the cores and
sensors are shown in Figure 2.
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Figure 2. Dimensions of the concrete element and positions of the sensors and cores.

4 Concrete Properties

Additionally the strength development of the concrete was determined and summarized in
Table 1 for cylindrical specimens with a height to diameter ratio of 2.0 for the lab and core
specimens. The strength of the core specimens is lower than of the lab specimens. This
confirms findings in the literature (The Concrete Society 2004; DIN EN 13791/A20 (2017).

The carbonation depth was determined on slabs 100x100x500 mm which were stored
under the same conditions as the specimens for the CIF-Test and the concrete element. For
slag cement concrete the carbonation depth might influence the scaling of concrete during the
CIF-Test. Results are summarized in Table 1.

Table 1. Test Results for compressive strength and Carbonation.

Concrete age fem [N/mm?2] dc [mm]
Lab specimen core 20/65 20/85 water outdoor
56 37.3 31.8 1.8 1.0 0.0 2.7
365 47.4 37.2 5.4 4.3 1.0 5.1
6.5a - 333  13.0 - 8.0 8.0

Results of the CIF-tests for selected storage and testing age versions according to section 3
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are presented in figures 3 and 4. Besides the standard testing age of 56 d two test series at an
age of 365d and results of cores at a high age of 6.5 years representing a situation at a
structure at a higher age are compared as examples. The test results are evaluated concerning
scaling and internal damage measured by the relative dynamic Young's modulus. The testing
of cores of a structure in a freeze-thaw test includes effects of concrete casting, curing and
exposure as well as influences of the coring process on the freeze-thaw resistance. This has to
be kept in mind when comparing the results to those of standard lab specimens at a defined
testing age and storing conditions.
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Figure 3. Relative dynamic modulus of elasticity.

Concerning internal damage the significantly lowest freeze-thaw resistance was observed
for the concrete stored in climate 20/85 for one year. After 10 freeze-thaw cycles the results
fall below the criteria of 75 %. The highest resistance was determined for the water stored
specimens. The results of the standard conditions were congruent with the cores at high age.
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Figure 4. Scaling during the CIF-Test.

Looking at the lab specimens scaling was affected only slightly by the investigated storing
conditions. The lab specimens tested at standard age and curing conditions showed
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comparable results to the water stored specimens tested at an age of 365 d. The storage in
climate 20°C/85% rel. humidity resulted in the highest scaling for the lab specimens but still
passed the criteria of 1000 g/mm2 according to (BAW 2012). Considerably higher scaling was
observed for the cores tested at an age of 6.5 years correlating to the carbonation depth.

Both for the scaling and the internal damage development the testing age is not the
decisive parameter concerning the freeze-thaw resistance of the concrete. The effect of the
curing regime on the internal damaged was very dominant for the lab specimens. The stronger
impact of the storing conditions than the testing age was observed for the scaling as well. The
scaling results of the cores yet showed a strong deviation of the lab specimens. Influences of
the carbonation depth at the start of the CIF-Test might have an impact on the test results. A
low carbonation for the standard and water storage, and higher values for the storage at 20 °C
and 85 % rel. humidity and for the cores were measured (Table 1, Bold type values).

5 Resistivity Measurements

For a better understanding of the processes during the CIF-Test the monitoring data was
evaluated. An important parameter is the water absorption during the capillary suction phase
and during the freeze-thaw cycles. As an example in Figure 5 results of the resistivity
measurements in a distance of 32 mm to the surface and the weighing of the samples for the
period of capillary suction before the start of the freeze-thaw-cycles are shown. The weighing
data illustrate the great influence of the storage conditions of the specimens. By oven drying
at 105 °C the degree of saturation of the differently stored specimens was determined before
and after capillary suction (Table 2). The degree of saturation of the water stored specimens is
already high before the capillary suction starts whereas the specimens stored for one year in
climate 20° C/85% rel. humidity has a very much higher absorption potential.

Table 2. Degree of saturation at the beginning of capillary suction.

Storing conditions
56d, 365d, 385d, 6.5a,
20/65 20/85  water outdoor

Degree of saturation before 51 57 82 67
capillary suction [%]
Degree of saturation after 63 79 90 78

capillary suction [%]

The resistivity data illustrate that in a measuring depth of 32 mm from the surface only for
the concrete stored for one year in climate 20 °C/85 % rel. humidity a decrease in resistivity is
observed during the capillary suction period. The decrease of resistivity is caused by a rising
degree of water saturation in that measuring depth of 32 mm. The resistivity of the other
specimens was not affected by water absorption in that measuring depth. According to Table
2 the highest rise of the degree of saturation during the capillary suction phase was observed
for the specimen stored in 20 °C/85 % rel. humidity. This indicates that it might be plausible
that only this specimen showed a change in resistivity at that measuring depth. Closer to the
surface also for the other specimens a decrease of resistivity was observed.
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Figure 5. Water absorption during capillary suction.

Figure 6 shows the resistivity in a measuring depth of 42 mm during the freeze-thaw-
cycles which was compensated for temperature effects according to equation (1) and the
development of the relative dynamic modulus of elasticity. As described in (Spérel, 2013;
Sporel, 2016) a typical increase and decrease of the resistivity is observed during the freeze-
thaw cycles caused by freezing and melting of water in the pore structure. High resistivity is
measured at concrete temperatures down to —20 °C when water in the pore structures is frozen
and low values are measured at temperatures between 0 and 20 °C when the water is present
in a liquid state. The Arrhenius approach is unable to compensate the effects of the freezing of
water on the resistivity.
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Figure 6. Temperature compensated resistivity and dynamic modulus of elasticity during the CIF-Test.

The low resistivity values decrease over time which is marked by arrows. This indicates
the rise of the degree of saturation in that measuring depth. Analogue with that the dynamic
modulus of elasticity starts to decrease. For the water stored concrete at an age of 365 d the
decrease of resistivity starts at about 20 freeze-thaw cycles in that measuring depth. About at
that time the relative modulus of elasticity also starts to decrease more rapidly as before. For
the other samples similar correlations are observed. As proposed by (Fagerlund, 1977) the
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results seem to confirm that after reaching a critical degree of saturation the concrete is
damaged. The water absorption according to the micro-ice-lens theory (Setzer, 2002) also
seems to be confirmed. At certain distances to the surface no water transport was detectable
during the capillary suction whereas during the freeze-thaw cycles a water transport occurred.

6 Conclusions

By means of monitoring the resistivity of concrete at different distances to the surface the
micro-ice-lens theory (Setzer, 2002) and the theory of the critical degree of saturation
(Fagerlund, 1977) seem to be comprehensible. The effect resulting from the freezing of water
in the pore structure of concrete on the resistivity will be a helpful tool to further analyze the
monitoring data of the lock concerning the frequency of such freezing incidents under
practical conditions. The results of the resistivity monitoring in lab tests and the long-term
monitoring of a lock in combination with a consideration of the surface damages at the lock
enable to better evaluate the transferability of results of the CIF-Test to practical conditions.
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