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Abstract. Infrared thermography (IRT) is a non-destructive testing method, which allows the examination or inspection of part of material or system without impairing the future usefulness, and it is applied to “see the unseen”. IRT uses the distribution of surface temperatures (thermograms) to assess the structure or behaviour of what is under the surface of an element without any contact.

IRT has a large information potential and a wide field of application, because it is a testing technique that can assess large area and can be operated as an indicating method, giving either qualitative or quantitative data.

Nowadays, thermographic method has proved to be an effective and economic tool, very valuable in several branches of engineering, namely in structural engineering. It can detect internal voids, delaminations, and cracks in concrete and masonry structures such as bridge decks, dams, and building envelopes.

The Covão do Ferro dam, a masonry gravity dam, located at high elevation on Estrela Mountains, Portugal, with a maximum height of 32.5 m and a total length of about 400 m, was rehabilitated between 2004 and 2006 in order to waterproof the dam’s body and improve the structural stability. The main works included the injection of cement grout into the dam body and the rock mass foundation, the installation of a PVC membrane on the upstream face, and the strengthening of the drainage system through the opening of new drains.

Eleven years after this rehabilitation, IRT was used to analyse the waterproofing membrane state of conservation and mainly the eventual detection of anomalies in its surface. For this, several themograms were obtained during two days, in a period of low level of water in the reservoir.

This paper shows the potential of IRT on the assessment of the waterproofing membrane state of conservation, providing important information for a more detailed inspection.
1
introduction

Infrared thermography (IRT) is a non-destructive testing method which allows the examination or inspection of part of material or system without impairing the future usefulness, and it is used to “see the unseen”. As the name implies, thermography uses the distribution (suffix - graphy) of surface temperatures (prefix - thermo) to assess the structure or behaviour of what is under the surface of a body without any contact1.

At temperatures above absolute zero every object emits energy from its surface in the form of thermal radiation and the particular spectrum emitted by a surface depends upon its absolute temperature and its emissivity.

The invisible infrared radiation (thermal radiation) emitted by bodies is collected and converted by infrared thermography systems (Fig.1 a) into temperature and displayed as thermal image – thermogram (Fig.1 b). IRT can be defined as the science of acquisition and analysis of data from noncontact thermal imaging devices2.
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Figure 1: IRT equipment and thermogram of a building façade

To achieve good results with IRT, the adoption of active or passive methods is necessary to increase temperature differences on the analysed object.

In passive thermography approach, the features of interest are naturally (heated by air temperature difference or by solar radiation) at a higher or lower temperature than the background. This former process allows a qualitative analysis based on surface’s temperature differences of the observed object.

It will be evident that thermograms show only the relative temperature difference in the image field. However, when used by a skilled operator on site, the real time thermal display may be studied and an interpretation made based on comparative analysis of the colour pictures. 

In other situations, the object is heated by an external artificial (active thermography). Typically, external excitation is performed with optical devices such as photographic flashes or halogen lamps (lock-in and pulsed thermography), whereas internal excitation can be achieved by means of mechanical oscillations, with a sonic or ultrasonic transducer for both burst and amplitude modulated stimulation (vibrothermography)1.

The active thermography is a quantitative approach in which surface temperatures are calculated based on the thermal image and the necessary analytical parameters.

IRT has a large information potential and a wide field of application, because it’s a non-contact and a non-destructive testing technique that can be operated as an indicating method, giving either qualitative or quantitative data. It has also proved to be an effective and economic non-destructive method, very valuable in several science branches, namely in civil engineering. 

In this field, the technique has numerous applications in condition assessment of structures, locating the source of pathology, assessment of damage potential in concrete and masonry structures, evaluating thermal quality of buildings, identifying moisture process and flow through pipes1.

In the specific case of dams, IRT allows to observe variations in the surface temperature of the structure, which allows the detection of water passages, generally associated to the existence of cracks, detachments or anomalies in the waterproofing coating.
2
CASE Study: COVÃO DO FERRO DAM WATERPROOFING MEMBRANE
Covão do Ferro is a granite masonry gravity dam built between 1935 and 1956 on the Estrela Mountains, at an altitude of 1.575 meters (Fig. 2). The dam, 32,5 m high and 400 m long, is part of a hydropower cascade comprising 4 power plants with a total power of 7.514 kW3. 
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Figure 2: General view of Covão do Ferro dam

In 1959/1963 a high rate of infiltration through the dam’s body (>3.600 m³/day) was observed. Rehabilitation works carried out between 1964 and 1967, consisting of consolidation grouting from the crest and the excavation of a drainage gallery in the dam’s body, considerably reduced the infiltration rates and restored adequate safety and operational performance3.
Between 2004 and 2006 Covão do Ferro dam had a second large rehabilitation, in order to waterproof the dam’s body and to improve the structural stability. The main works included the cement grouting of the dam’s body masonry and the rock mass foundation, the installation of a PVC membrane on the upstream face (mechanically attached and drained), and the strengthening of the drainage system through the opening of new drains4. 
The waterproofing of the upstream face was designed with a PVC composite system, for a total estimated surface of 7.000 m².

Eleven years after this last rehabilitation, IRT was used to check the dam waterproofing membrane state of conservation and mainly the eventual detection of local anomalies. 
3
study’ methodology
To assess the state of conservation of the waterproofing membrane and understand if some perforations exist on it (sometimes caused by the collision of tree debris or other object), leaving passage of water through it, the infrared analysis of the upstream face of the Covão de Ferro dam was performed, in a period of low level of water in the reservoir (Fig. 3).
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Figure 3: IRT survey equipment
The infrared diagnostic focused five zones (zone 1 to zone 5) of the upstream face of the dam identified in Fig. 4.
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To use passive thermography the surveys were achieved during two days (10th and 11th October 2017), characterized by a high solar radiation (clearly days). Considering the orientation of the dam (vd. Fig. 4), upstream face of the dam was exposed to solar radiation approximately from 9:30 (zone 1) to 17:00 (zone 5).
Figure 4: Analysed zones of Covão de Ferro dam upstream surface
Although most of the thermograms were performed with solar heating of the analysed zone, some thermograms were also achieved at shadow to evaluate the increment of IRT’ sensibility with passive heating. 
In this sense, studied zones were analysed in the afternoon of the first day and the morning of the second day (with solar incident radiation) and two zones (zone 4 and
zone 5) were also assessed in the second morning day at shadow. 

4
IRT MAIN results

During the IRT campaign, several thermograms were acquired to assess the state of conservation of the waterproofing membrane. Fig. 5 shows a panoramic infrared view of the upstream surface, took at a distance of approximately 200 m. This image is composed by a set of thermograms, acquired sequentially in the afternoon with the incidence of solar radiation on all observed area.
Figure 5 shows different temperature patterns of the dam which vary from about 
25 ºC to 40 ºC. These variances result from the different angle solar incidence of the exposed zones. The hottest zone (left side of the image, zone 4 vd. Fig. 4), at time of the inspection, had an almost normal solar incidence that allow a greater heating of the dam’ surface in zone 4 (better sensitivity of the technique).   
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Figure 5: Panoramic Covão de Ferro dam upstream surface thermogram

Reducing the distance of observation allows a better definition of the obtained thermograms and the achieved information. Fig. 6 shows part of zone 1, with solar radiation incidence. Hotter areas in white allow the identification of detached zone of waterproofing in opposition with adherent zones (yellow).
Detached area is hotter because the presence of air between the membrane and the structure introduces an additional thermal resistance that oppose the transmission of heat to the structure and increase the surface temperature detect by IRT.

This fact was verified by manual touch of a technician, like its can be seen in Fig. 7. 
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Figure 6: Thermogram of zone 1 (with solar radiation)
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Figure 7: Detached areas identification (a), verified by touch (b)

A closer inspection allows a better definition of the detached hotter areas (Fig. 8).
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Figure 8: Detached areas identification (zone 1)

A similar inspection (heating and distance) to zone 2 shows that the membrane is evenly adherent to the structure (Fig. 9). 

[image: image8.png]H -0 = [ O - termos3.docx - Word @ -

Insert  Design Llayout References Mailings Review View FLRTools+  Q Tell me what nt to do. Signin S Share

LFind ~

Body) - & & | Aa~ A
i} Calibri (Body) ~ |11 AR A~ & L 1T | AaBbccDd| AaBbCeDd AaBbCc¢ AaBbCcL /—\aB AaBbCcD  AaBbCcDd AaBbCcDd  AaBbCcDd  AaBbCeDe AaBbCcDd Rl
Paste . 2 Lay LA -y . . —{| =
S rormatpainter B L U Takexa X' A< B Normal | TNoSpac.. Heading1 Heading 2 itle Subtitle  Subtle Em... Emphasis  Intense E. Strong Quote <\ select~
Clipboard 5 Font 5 Paragraph 5 Styles 5 Ediing ~
Ly . 1 . 2 l 3 l 4 . 5 . 5 . 7 . s . 5 . 10 . 11 . 2 . 13 . 14 . A i 16 . -

30.0 °C

24





Figure 9: Thermogram of zone 2

Figs. 10 to 12 show IRT diagnostic of zones 3, 4 and 5 at the minimum possible distance (about 150 m), with incidence of solar radiation.  
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Figure 10: Thermogram and photo of zone 3

[image: image9.png]& 0o - termos3.docx - Word =

Insert  Design Llayout References Mailings Review View FLRTools+  Q Tell me what nt to do. Signin S Share

o L LOFind -
Body |11~ o A
BE‘@( Calibri (Body) - |11 A A | Aa 2L 11 | paBbcepd| AaBbCeDd AaBbC( AaBbCcL AaB AaBbCcD  AaBbCcDd AaBbCcDd AaBbCcDd  AaBbCeDe AaBbCcDd &, Replace
Bl Copy RS
Paste - 2 LAyl A - - 1 1 T -
e Formatpainter | B I U e x| A -2 Normal No Spac.. Heading1 Heading 2 itle Subtitle ~ Subtle Em... Emphasis  Intense E. Strong Quote <] |\ select~
Clipboard ® Font ® Paragraph ® Styles 5 Editing ~
L 3 i 2 i 1 i 5o 1 i 2 i 3 i 4 i 5 i 6 i 7 i 8 i 9 10 - 0 1 0 12 0 0 13 - 1 . 14 . A 16 17 -

Ir9130F_10N4V (ZONa 3); demeinarnte a anterior (ui sv=y)

47.0 °C

L 40

r 30

r20
17.0

Ir9155P_15h40 (zona 4): (GT 302C)





Figure 11: Thermogram of zone 4
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Figure 12: Thermogram of zone 5

In all the three observed zones, IRT shows that the membrane seems evenly adherent to the structure and also highlights the surface irregularities of the granite masonry structure behind the membrane.
Without the imposition of a heat flux (solar radiation), performing IRT at shadow, it is not possible to detect the structural irregularities, even using the maximum resolution (temperature range of 10 ºC), like it can be seen in Fig. 13.  
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Figure 13: Thermogram of zones 4 and 5 without solar radiation
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As it is already mentioned, IRT only can have success if the inspection is performed with the incidence of solar radiation. Fig. 14 shows IRT analysis results of zone 1 with two different time of exposition (1 and 3 hours). 
Figure 14: Detached areas identification (zone 1) after different periods
of solar radiation incidence: a) 1 hour; and b) 3 hours
Although both sets of thermograms allow the identification of detached areas of PVC membrane, as expected, Figure 14b) shows higher temperature differences between detached and bonded areas after 3 hours of solar incidence. However, Figure 14a) also shows that after only one hour of solar heating, detachments of the waterproofing can be detect with IRT.

The general thermographic observation of the upstream membrane of the dam, performed with the existing conditions, did not allow the detection of the membrane perforation zones. The information given by the dam’ owner was that these anomalies probably do not exist, proving its good condition. 
After a more detailed visual inspection, a small perforation of the PVC membrane was detected close to its bottom bearing (Fig. 15) in zone 1 (vd. Fig. 4). 
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Figure 15: Small perforation of the PVC membrane (visual and thermographic images)
As expected, this anomaly was perfectly identified using IRT, showing a colder area in the thermogram for the rip.
12
conclusions

During two days IRT was used to check the state of conservation of the Covão do Ferro dam’ waterproofing membrane. For this, several thermograms of the upstream surface were obtained, in a period of low level of water in the reservoir.
Results show the potential of IRT on the assessment of the membrane state of conservation, providing a global vision of the infrastructure accompanied by detailed inspections, but also demonstrate some limitations.
For the application of IRT in the detection of anomalies in dams’ structure, the main limitations of the technique result from the need of imposing a thermal flux to obtain good results. This mean that a good solar exposition of the analysed area and a clearly day with weak wind, is needed to have success with the IRT technique. 

In this study, the right weather conditions during the survey allowed the identification of detached zones of the waterproofing membrane, mainly in zone 1 of the upstream surface (vd. Fig. 4). From zone 3 to zone 5 IRT also highlighted the surface irregularities of the granite masonry structure located behind the PVC membrane.
The general thermographic observation did not detect perforation zones of the PVC membrane, agreeing with dam’ owner expectation. 
This paper allows conclude that IRT can be a very useful non-destructive technique in the assessment of the state of conservation of waterproofing membranes.
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