A maintenance programme was planned right from the beginning of the project for both structures.
This was based on preventing ingress of mositure into the top of the bridgedecks of both structures,

and application of a surface layer permeable to moisture on their bottom sides.

At onset of the pilot, a concrete surface layer with a thin layer of porous asphalt concrete (ZOAB)
was present on the top of the bridgedeck of the viaduct Wolput. A layer of so-called Latexfalt was
applied as a temporary measure below the porous asphalt concrete layer on the northern driving
lane that had earlier been repaired. Unfortunately, inhibiting moisture ingress into the bridgedeck
by applying a layer of dense aspalt concrete on top of a layer of Latexfalt was delayed until June
2001, after the second year of the measuring period. A similar measure was applied onto the south-
ern driving lane in 2002. Water from the northern lane is drained to the axis of the structure, where

most damage due to ASR has been observed.

In the case of viaduct Vlijmen Oost, the existing layer of asphalt concrete was kept as a water-resist-
ing layer. In order to promote drying of the structure, the coating on the bottom and the sides of
the bridgedeck has been removed during the project (end 2000),

Design of the monitoring system

The choice of variables to be monitored depends on the damage mechanism, geometry and extent
of the damage, and the adopted maintenance strategy. The cause of damage or damage mechanism in
both structures is ASR. This mechanism (reactions) does only occur if sufficient reactive aggregate,
alkalies and water are simultaneously present in the concrete. Both the amounts of alkalies and
water available for reaction may vary with time. Variations in water content are presumed to be
much larger, and, from point of ASR-induced damage, more important, as swelling of the ASR-gel
under consumption of water induces stresses in the concrete resulting in diminishing mechanical
properties and failure. Therefore, it was quite obvious to monitor the moisture content in the con-
crete. In order to follow the future development of the alkali-silica reaction and associated defor-

mations, it was considered necessary to monitor expansions of the structure at different locations.

The proposed maintenance measures were designed to inhibiting ingress of moisture into the con-
crete of the structures, aiming to stop the alkali-silica reaction or, at least, swelling of the ASR-gel.
By monitoring the moisture content and deformations, the effectiveness of the rehabilitation strate-
gy may be evaluated. As no maintenance measures were carried out during the pilot project, the
latter objective was dropped.

Based upon the considerations mentioned above, the monitoring system was designed as follows:

1. Monitoring of the moisture content in the concrete, to be carried out using two separate measuring
techniques, viz. measuring the concrete resistance, which is dependent on the moisture content
of the concrete, and measuring the relative humidity of the concrete directly.

2. Monitoring the deformations in the vertical cross-section of the bridgedeck (perpendicular to the rein-
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forcement): The observed geometry and extent of ASR-induced damage implied that swelling
had predominantly occurred in the vertical direction of the bridgedeck.

3. Monitoring the deformations in the horizontal dimension (within the plane of reinforcement) of the
bridgedeck: These changes were monitored on both the top and bottom sides of the
bridgedecks, using three different measuring techniques.

4. Monitoring the changes in altitude of the bridgedecks in order to establish whether or not bending
of the bridgedecks had occurred as a result of swelling in the vertical cross-section (thickness)
of the bridgedeck.

5. Monitoring of crack propagation in the concrete.

In order to determine to what extent deformations were caused by temperature variations in the

bridgedecks, additional temperature measurements within the decks were carried out.
Measuring sites and frequencies

Geometry and extent of the observed damage implied that ASR had not occured uniformly over

the bridgedecks. For this reason, the system was designed to monitor both the overall behaviour of

the bridgedecks, and the local behaviour of the smaller parts of the bridgedecks. Consequently, the
measurement system was designed as follows:

e  Measurements on bridgedeckscale: Measurements that were carried out on this overall level were
focused on changes in the horizontal and vertical dimensions. To achieve this, measurement
studs were applied to the top of the outermost kerbs of both viaducts, above the supporting
columns points and halfway the spans.

o  Measurements on local scale: Measurements that were performed on a local scale were focused on
the moisture content, temperature, deformations in both vertical and horizontal dimensions
and cracking. Four positions were selected on each structure where all the measurements were
grouped within a surface area of 1 x 1 m?. These positions were situated on the bottom side of
the bridgedecks, so that application of the equipment and control measurements could be per-
formed without obstructing any traffic. The choice for the test positions was based on the acces-

sibility and being representative for the damage.
The following measuring sites were selected in the outermost sections of the bridgedecks:

Viaduct Wolput
Measuring sites A and C: in zones with minor cracking in the western section.
Measuring site B: in a reinforced zone with major cracking in the western section.

Measuring site D: in a reinforced zone with major cracking in the eastern section.

Vlijmen-Oost
Measuring sites A and B: in zones with moderate cracking in the southern section.

Measuring sites C and D: in zones with moderate cracking in the northern section.



The deformation measurements in horizontal and vertical directions in the top of the bridgedeck
were performed once a season for a period of two years, producing in total 8 measurements. As
ongoing ASR, if any, would have proceeded at a relatively slow rate, the three-month measuring
interval was considered to be sufficient to provide information on ongoing processes in the
bridgedecks. Similar to the measurements in the top of the bridgedekcs, the deformation and crack-
ing measurements in the bottom part were carried out 8 times during the project period. These

were preformed from a scaffolding.

Sensors for measuring other variables in the bottom part of the bridgedecks were connected by
means of cables to a central measuring control and readout unit. These measurements were carried

out thirteen times during the project.
Measuring apparatus

Moisture content: concrete electrical resistance measurements

During the initial phase of the project, it was not possible to measure the in-situ moisture content of
the concrete by a non-destructive method. There was, however, an indirect measuring method,
based on the electric resistance of the concrete; this method makes use of multiple ring sensors.
Previously, experience had been gained with the use of these sensors in new concrete, through
placing of the sensors in the concrete during casting. The method is based on measuring changes in
the alternating current resistance, which gives an indication of the change in the moisture content
of the concrete. The method reveals relative changes in the moisture content as a function of time,
not the absolute moisture contents. Measurements were performed at an operating frequency of
108 Hz.

Using the multiple ring sensors, the alternating current resistance between stainless steel rings
fixed on an isolator is measured. The multiple ring sensors with a diameter of 20 mm were placed
within 35-mm diameter holes in the concrete, which were

Injection subsequently injected with a cement-based low shrinkage

e grout (Fig. 3). Whenever the moisture content of the concrete
H:—: in the structure changes, the moisture content of the material
o ]”::: around the metal rings also changes, resulting in a change in
the electric resistance.
T
| R
ESCLOI

Fig. 3. Schematic drawing of a multiple ring sensor.
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The multiple ring sensors used in both viaducts were modified versions of the MRG208 from
Sensortec in Aachen. The sensors in both viaducts contained 14 rings. Heart-to-heart distances
between the successive rings were chosen in such a way that the distribution of the resistance over

the whole cross-section of the bridgedeck could be measured.

Moisture content: measurement of the relative humidity

A second method that was used to gain insight into the moisture content of the concrete is determi-
nation of the relative humidity in closed spaces in the concrete. Combined relative humidity and
temperature transmitters of the Vaisala HMP 143 type were used, equiped with a Humicap 180
probe and integrated electronics. The sensors derive changes in temperature by measuring changes
in the electrical resistance of the sensor, and changes in relative humidity by measuring changes in
the specific capacity of the sensor. Sensors are placed in a closed box with a length of about 60 mm.
These boxes were thereafter placed in a borehole. The borehole was subsequently injected with a
cement-based grout. Owing to the small volume of the holes, it may be expected that equilibrium
will be established between relative humidity and temperature in the holes and the surrounding

concrete.

To gain insight into the relative humidity distribution in the bridgedeck, two sensors were applied
on each measuring site. One sensor was placed at about 70 mm from the bottom side of the

bridgedeck, the other about 140 mm from the top surface, in the upper part of the deck.

Vertical deformation (perpendicular to the reinforcement): vibrating wire strain gage
The measurements with the vibrating wire strain gages were carried out in order to obtain insight
into any eventual vertical deformation of the concrete. Deformation and temperature were mea-
sured simultaneously. The sensors used were vibrating
50 mm Injection wire strain gages of the type Geokon VCE-4200, with a
— gage length of 150 mm (Fig. 4).

Fig. 4. Schematic drawing of a vibrating wire strain gage.




The measurement principle of the sensors is that changes in dimension of the concrete are deter-
mined through changes in the typical frequency of a vibrating wire. A wire under tension is
brought into vibrating by a surrounding coil, through which the resonance frequency is subse-
quently determined. This resonance frequency depends, among others, on the tension in the wire,
which is influenced by the deformation in the tube protecting the gage. The strain is then read

directly from an electronic readout box.

The vibrating wire strain gages are placed high in a 50 mm-diameter borehole in the deck, and the
borehole subsequently filled with a cement-based injection grout. The fixing of the devices at the
required heights in the borehole is achieved by securing the vibrating wire strain gages at the suit-

able height on a 4 mm-diameter rebar.

To obtain insight into possible differences in vertical deformation across the thickness of the deck,
two vibrating wire strain gages were applied at each measuring site: one sensor halfway the verti-

cal cross-section of the bridgedeck, the other in the top of the deck.

Horizontal deformation of the bottom of the bridgedeck: cracking
All cracks crossing the sides of squares of the four sites of 1 x 1 m? on the bottom side were traced
on a map. Location and width of each crack were determined manually. The angle between the

crack and the side of the measuring square was rounded off to 30, 45, 60 or 90°.

Horizontal deformation of the bottom of the bridgedeck: strain gage

Horizontal deformation (displacements) measurements and monitoring of the cracking were per-
formed using a portable strain gage. The measuring device used here was a strain gage placed on
an invar rod with a length of 1 m, which was used to measure the distance between two reference
studs in the deck. The measured lengths were expressed relative to the distance between two refer-

ence studs on a rod made of invar steel.

To facilitate the measurements, reference studs were placed at the four edges of the measuring
squares. These studs were placed on anchors; on the outside tip, a small ball was placed to enable

docking of the strain gage. The length of all four sides of each measuring site was determined.

Accuracy of the strain gage on a reference rod of 1 m is about 0.004 mm. In practice, this accuracy is
not met, because measurements were taken from a platform. Field accuracy is estimated at 0.04
mm. In order to enhance the accuracy, measurements were performed in duplo. The average of

both measurements was taken.

Structural deformations: horizontal displacements

In order to-evaluate overall deformation of the bridgedeck, horizontal displacements were mea-
sured using a Sokkia MonMos 3D system. Brass reference studs were applied to the top of the kerb-
sides and abutments of the viaducts to facilitate measurements. Reflective tape was placed on the

studs. Measurements of both angle and distance were obtained from two standard positions and
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recalculated to coordinates in a x-y grid. The x-axis is projected through two reference studs situat-
ed on the abutments. The origin of the grid is situated at the first reference studs. Accuracy of the
individual measurements is about 1.2 mm. To enhance this accuracy, measurements were taken in

duplo from two different positions

Structural deformations: vertical displacements

Measurements regarding the vertical dimensions of the bridgedeck were preformed in order to
trace any bending or buckling of the bridgedeck in response to anisotropic deformations.
Measurements were obtained using a digital leveling instrument, Leica NA 3003, and were
obtained from two standard positions by reading the altitude of a beacon placed on top of the same
reference studs as used to measure horizontal displacement. One measurement is the average of
five individual readings, excluding the lower- and highermost readings. Performing the measure-

ments takes about one minute each.

Accuracy of the individual measurements (i.e. the average of three readings) is about 0.2 mm. To

enhance this accuracy, measurements were taken in duplo from two positions.

Results

Visual inspection of the bridgedecks: Viaduct Wolput

Below the northern driving lanes, the bottom of the bridgedeck displays major cracking, especially
below the left driving lane. This part of the bridgedeck has been strengthened by vertical anchors
through the deck. Since onset of the project, part of the cracks were carrying water, especially in the
thicker parts of the deck located above the supporting plates on the abutments. On measuring

locality, minor efflorescence was observed once (March 30, 2001).

Measuring sites B and D are situated in the most intense cracked part of the northern driving lanes;
site C is situated north of this area; site A is situated below the southern driving lanes, in an area

with minor cracking only.

Visual inspection of the bridgedeks: Viaduct Vlijmen-Oost

The bridgedeck shows cracking over almost its entire bottom. At onset of the project, cracks were
dry. Cracks remained dry after stripping of the coating in October, 1999.

All measuring sites were situated in cracked areas, A and B on the southern section, C and D on the

northern section.



Concrete resistance, viaduct Wolput - location D

40000

et
s—

35000

| e

30000

f
-
5
5
o

25000

20000

" N—

Resistance (Ohm)

15000 ﬁ

10000 7

5000 - - -

o,u; SIS el

1-1-1999 3-7-1999 2-1-2000 3-7-2000 2-1-2001

Date

—é—Ring 1-2
~—&—Ring 2-3
Ring 3-4
Ring 4-5
~¥—Ring 5-6
—®—Ring 6-7
~—+=Ring 7-8
—Ring 8-9
~“Ring 9-10
Ring 10-11
Ring 11-12
Ring 12-13
Ring 13-14

Fig. 5. Concrete resistance at site D, viaduct Wolput.

Concrete resistance, viadcut Vlijmen-Oost - location C
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Fig. 6. Concrete resistance at site C, viaduct Vlijmen-Oost.

Concrete resistance measurements using multiple ring sensors

Concrete resistance measurements (for examples, see figs. 5 and 6) show that:

The lower rings of the multiple ring sensors indicate an increase in concrete resistance with
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time at most sites. This is probably due to drying of the injection grout surrounding the sen-
sors, possibly combined with detachment of the grout from the surrounding concrete due to
shrinkage.

e For the rings yielding realistic values in viaduct Wolput, those at sites B and D are lowest.
Concrete resistances measured at site C are slightly higher, those at A are highest. A lower
resistance for concrete of similar composition indicates higher moisture contents, viz. for sites B
and D. This is in agreement with field observations.

Rings yielding realistic values in viaduct Vlijmen-Oost show comparable values for concrete resis-

tance at all sites. Resistances are comparable with those at site C in viaduct Wolput Rings yielding

realistic values in both viaducts show an increase in concrete resistance with time in the bottom
part of the bridgedecks. This might be explained by some extent of dessication, which is, however,
considered unlikely. For most of the timespan during which measurements were performed, both
structures had not yet been rehabilitated. Nevertheless, a systematic increase of concrete resistance
is measured. The question arises whether this increase should be explained by other processes than

dessication.

Moisture content: measurement of the relative humidity

Relative humidity measurements indicate that, within both viaducts, relative humidity decreases
with time from about 90 to 95 % down to 85 to 90 %. Results are comparable for all measuring sites
on both viaducts, with the exception of sites B and D on viaduct Wolput. Here, relative humidity
does not decrease below 95 %. At these sites, vibrating wire strain gage measurements indicate the
largest expansions. Results from relative humidity measurements agree reasonably well with those

of concrete resistance measurements using multiple ring sensors and field observations.

With respect to the used equipment itself, it is noted that unrealistic values were indicated several
times; this is probably due to the presence of moisture on the sensors itself. This phenomenon has
previously been reported in the literature. This implies that measurements become unreliable on

the longer term..

Vertical deformations, viaduct Wolput
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Fig. 7. Vertical deformations in viaduct Wolput, as determined using vibrating wire strain gages. Letters indicate

measuring sites, ‘lower’ and “upper’ indicate the lower and upper sensors at each site, respectively.



Vertical deformations, viaduct Vlijmen Oost
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Fig. 8. Vertical deformations in viaduct Vlijmen-Oost, as determined using vibrating wire strain gages.
Letters indicate measuring sites, ‘lower” and ‘upper’ indicate the lower and upper sensors at each site, respec-

tively.

Vertical deformation (perpendicular to the reinforcement): vibrating wire strain gage

Deformations perpendicular to the bridgedecks were measured on two depths for each site. Results
for viaducts Wolput and Vlijmen-Oost are given in figures 7 and 8, respectively. The figures also
show displacements with time as result of temperature relative to the first measurement (Effect

Temp. curves in figs. 7 and 8), using a thermal expansion coefficient of 12 x 10® m m™ °C..

It appears that results for all sites in viaduct Vlijmen-Oost and sites A and the lower part of site C
in viaduct Wolput agree reasonably well with deformations resulting from variations in tempera-
ture. On sites B and the upper part of site C in viaduct Wolput, vertical deformation (expansion) is
considerably larger than the temperature effect. This indicates, possible, that expansion due to ASR

continues.

Horizontal deformation of the bottom of the bridgedeck: cracking
At sites B and D on viaduct Wolput, cracks widened on some measuring days, in agreement with
results from vibrating wire strain gage measurements. Widening of the cracks possibly indicates

local expansion of the bridgedeck.

At all other sites on viaduct Wolput as well as those on viaduct Vlijmen-Oost, no changes in width
of the cracks have been observed, indicating that no deformations larger than those imposed by

temperature variations occured.
Horizontal deformation of the bottom of the bridgedeck: strain gage

At each site, horizontal deformation was determined in four directions using a strain gage. These

results too, should be corrected for temperature effects in order to reveal any continuing deforma-
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tion due to ASR. Figures 9 and 10 show the average displacements for each direction at each site, as
well as the calculated temperature effect.

For all sites, it appear that horizontal displacements agree reasonably well with those expected
from measured variations in temperature. No significant differences between different sites have

been observed. There are no indications for continuing deformation due to ASR.

Horizontal displacements, bottom of viaduct Wolput
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Fig. 9. Average horizontal displacements and calculated temperature effect on the
bottom of viaduct Wolput.

Horizontal displacements, bottom of viaduct Vlijmen-Oost
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Fig. 10. Average horizontal displacements and calculated temperature effect at the bottom of viaduct
Vlijmen-Oost.

Structural deformations: horizontal displacements
Structural deformations have been measured by determining displacement between successive ref-
erence studs on the top of the bridgedecks. Results and the temperature effect are given in figures

11 and 12. The average displacements at all sites correspond with those expected with those calcu-
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lated from measured variations in temperature. There are no indications of continuing horizontal

structural deformation due to ASR.
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Fig. 11. Average horizontal structural deformation and calculated temperature effect (‘Effect Temp.’) for

viaduct Wolput.

Horizontal structural deformation, viaduct Vlijmen-Oost
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Fig. 12. Average horizontal structural deformation and calculated temperature effect ('Effect Temp.) for

viaduct Vlijmen-Oost.

Structural deformations: vertical displacements
Fluctuations in altitude are limited to about 1 mm. There are no indications for bending or buckling

of the bridgedecks.
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Conclusions
6.1 Structural behaviour of the bridgedecks

Viaduct Wolput

Visual inspection, concrete resistance measurements using multiple ring sensors and relative
humidity measurements indicate the concrete at sites B and D on viaduct Wolput remain humid.
Simultaneously, vibrating wire strain gage measurements indicate continuing deformation (expan-
sion) at these sites. This is probably due to continuing ASR expansion. Both sites are situated in the

strengthened part of the bridgedeck.

Viaduct Vlijmen-Oost

Monitoring of relevant variables on viaduct Vlijmen-Oost indicates no deformations other than
those derived from varying temperature. The concrete appears to be less humid than that of
viaduct Wolput. There are no indications for continuing ASR expansion in the bridgedeck over the
measuring period; neither is new development of ASR expected from the measurements, provided

that no conditions are changed.

Summarizing, only humid sites on viaduct Wolput show continuing deformations (other than
those derived from varying temperature). Viaduct Vlijmen-Oost shows considerably cracking, but
appears rather dessicated and shows continuing deformation. This might be due to rehabilitation
during the late 1980s.

6.2 Monitoring techniques
The pilot project involved several monitoring techniques, in order to evaluate their performance.

With respect to the individual techniques, the following is concluded:

Concrete resistance measurements using multiple ring sensors

Only part of the measurements was satisfactory. This part demonstrated the presence of more and
less dessicated sites. It was, however, not possible to obtain a (qualitative) insight in the dessication
behaviour of the bridgedecks. The technique has to be improved, in order to be applied on existing

concrete structures. Values obtained may be due to other effects than more or less dessication

Measurement of the relative humidity using a Vaisala sensor
Measurements of relative humidity using a Vaisala sensor demonstrated the presence of more and
less dessicated sites. The long term performance of these sensors is, however, doubtful. Values

obtained on the longer term may be due to other effects than relative humidity in the concrete.

Measurements using ( vibrating wire) strain gages
Measurements were satisfactory. Local deformations due to ASR could be detected and distin-

guished from those imposed by variations in temperature.



Measurements of local and structural horizontal deformation
Measurements yielded a relatively large range of values. Average values, however, agree reason-
ably well with deformations calculated from measured variations in temperature. Both types of

measurements are, however, rather labour intensive.

Measurements of vertical structural deformation
Measurements indicate no significant displacements. Accuracy is probably too small to reliably
detect minor deformations due to ASR.

Monitoring of cracks
This technique has only a limited resolution with respect to different behaviour at different sites

with time.

6.3 Future research

For Civil Engineering Division of the Netherlands Ministry of Transport, Public Works and Water,

the results of the pilot project were reason to:

e partly prolong monitoring of both structures involved in the pilot project; local measurements
of moisture content, temperature and vertical deformation will be continued for one more year,
after which it will be decided whether to stop;

e start monitoring 16 other ASR-affected structures in motorway A59; these structures have been
or will be rehabilitated; also in these cases, it is important to verify whether deformation still

continues and what is the effect of the rehabilitation strategy.

109





