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This report is one of the deliverables from the Integrated Research Project “Sustainable Bridges - Assessment for 
Future Traffic Demands and Longer Lives” funded by the European Commission within 6th Framework Pro-
gramme. The Project aims to help European railways to meet increasing transportation demands, which can only 
be accommodated on the existing railway network by allowing the passage of heavier freight trains and faster 
passenger trains. This requires that the existing bridges within the network have to be upgraded without causing 
unnecessary disruption to the carriage of goods and passengers, and without compromising the safety and econ-
omy of the railways. 

A consortium, consisting of 32 partners drawn from railway bridge owners, consultants, contractors, research 
institutes and universities, has carried out the Project, which has a gross budget of more than 10 million Euros. 
The European Commission has provided substantial funding, with the balancing funding has been coming from 
the Project partners. Skanska Sverige AB has provided the overall co-ordination of the Project, whilst Luleå Tech-
nical University has undertaken the scientific leadership. 

The Project has developed improved procedures and methods for inspection, testing, monitoring and condition 
assessment, of railway bridges. Furthermore, it has developed advanced methodologies for assessing the safe 
carrying capacity of bridges and better engineering solutions for repair and strengthening of bridges that are found 
to be in need of attention.  

 

The authors of this report have used their best endeavours to ensure that the information presented here is of the 
highest quality. However, no liability can be accepted by the authors for any loss caused by its use. 
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1 General remarks 

This technical report is prepared on the basis of Contract No. FP6-PLT-001653 between the 
European Community represented by the Commission of the European Communities and 
Skanska Teknik AB contractor acting as coordinator of the Consortium. 

The content of the report is related to work package WP3 “Condition Assessment and In-
spection”, specifically to deliverable D3.12 “Report on optimum set-up of a LIBS system for 
application on site”. In the frame of the project Laser-Induced Breakdown Spectroscopy 
(LIBS) is applied for quantitative determination of Chloride contents in reinforced concrete. 
The knowledge about Chloride contents, especially depth profiles, is important with regard to 
corrosion of the reinforcement.  

For an optimum set-up the following aspects are discussed: 

- Choice of Chlorine spectral line 

- Test of optimum ambient atmosphere 

- Test of different detectors 

- Overview: Laser, femtosecond versus nanosecond pulse duration, single pulse ver-
sus double pulse configuration, influence of laser wavelength  

Further, the usefulness of LIBS for the determination of Chloride contents in reinforced con-
crete will be proven by presentation of previous results measured on reference samples as 
well as on concrete cores originating from a marine environment.  

In addition LIBS was used to determine salt content and type in masonry samples.  

A brief summary of the results is given at the end of each section.  

 

The main changes to the previous version of this report are: 

- general remarks and summary updated (chapters 1 and 2) 

- examples from WP7 demonstration site included (chapter 6.1) 

- application on masonry samples included (chapter 6.2) 
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2 Summary  

In the frame of workpackage WP3 “condition assessment and inspection” Laser Induced 
Breakdown Spectroscopy (LIBS) is developed as an on-site method for the determination of 
the Chloride content in reinforced concrete bridges. According to the results of Deliverable 
D1.3 [4] the percentage of concrete bridges of all railway bridges is 23 %, from these 79 % 
are reinforced concrete bridges. For over 50 % of the railway companies the corrosion of 
reinforcements is an important maintenance problem. Those railway companies, which have 
monitored the Chloride content (and carbonation), believe the monitoring to be useful. Con-
crete repair is an important rehabilitation activity for all railway companies.  

During the first phase of the project, it was decided to put more effort on the investigation of 
masonry bridges, as they form a major part of the European railway bridge stock. Thus, 
some remarks on the investigation of masonry samples were included in this report. 

LIBS investigations in the lab or at process plants are state of the art for many types of mate-
rial, mainly metals. The proper investigation of construction materials (e.g. cement type, 
heavy metals, chlorides, …) has been shown experimentally in the lab. To use the main ad-
vantages of the method (high spatial resolution and fast measurements) on-site application 
would be resonable. The technical work reported here together with the practical experience 
gathered at the demonstration bridges forms the basis for the development of a prototype 
device. 

The investigation of railway bridges will benefit from the on-site use of the LIBS techniques in 
several ways: 

- Damage types can be identified more easily (e. g. type of salts affecting the struc-
tures) 

- Affected areas (lateral extent and depth) can be delineated more precisely 

- Results are available on-site. 

 In this report, the principal applicability of LIBS for the quantitative determination of Chloride 
contents in concrete has been shown by preliminary results obtained on reference samples 
and concrete cores originating from real, contaminated sites.  

The physical background, the necessary components for a LIBS experiment and the meas-
urement procedure are described. A suitable Chlorine spectral line is found at 837,6 nm. 

Linear calibration curves are obtained for reference samples made of cement and cement 
mortar with Chloride concentrations ranging between 0 wt% Cl up to 2,34 wt% Cl related to 
the total mass of the sample. LIBS results of concrete cores are in good agreement with 
chemical analysis. 

Further spectral lines in the investigated wavelength region allow advanced interpretation of 
the measured data. The ratio of the intensity of the Calcium spectral line at at 849,9 nm and 
the Oxygen spectral line at 844,6 nm (Ca/O-ratio) is used for assignment of spectra to ce-
ment paste or aggregate, respectively. Therefore, both, the Chlorine content related to ce-
ment and the Chlorine content related to concrete is available.  

The Chlorine content and the cement/aggregate-distribution determined form spectral lines 
can be visualized in spatial resolved images. This allows for analysis of damage mecha-
nisms, e.g. ingress profiles along cracks can be studied. 

Depth profiles are determined by averaging spectra according to the same depth. Depth 
resolution is in the millimetre-scale and only limited by the laser focus.  

For optimisation of a LIBS experiment suitable for on-site application the optimum ambient 
atmosphere and the optimum gas flux are determined, whereas measurements under Helium 
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atmosphere provide the best results, because of an enhanced signal of the Chlorine spectral 
line and the absence of spectral lines from the ambient atmosphere in the wavelength range. 
The gas flux has to be at least 300 l/h for a flushed volume of about 450 ml. 

Different detectors have been tested and compared. The intensity resolution (dynamic range) 
of the detection unit is the critical quantity for a preferably low limit of detection, due to the 
necessity of simultaneous detection of very intense (Ca) and very weak spectral lines (Cl). 
From the tested devices only the Andor CCD camera is suitable for a portable set-up provid-
ing low detection limits. Further tests and study of technical developments are necessary. 

The laser must provide enough energy, at least 200 mJ/pulse, to create a plasma on con-
crete. The other laser parameters are not so crucial, so that a usual NdYAG laser with about 
10 ns pulse duration, 1064 nm wavelength and about 10 Hz repetition frequency is sufficient. 
Additionally the laser should have a compact geometry and low weight, no need for external 
water circulation and capable of normal power supplies. It should be robust against dust and 
impacts. Lasers with these specifications are commercially available and the laser in BAM 
laboratory is suitable for on-site application.  

 



Sustainable Bridges                                  SB-3.12                                                     2007-11-30 6 (34) 

 

Table of Contents 
 
1 General remarks..................................................................................................................3 
2 Summary and outlook..........................................................................................................4 
3 Introduction..........................................................................................................................7 

3.1 Work objectives ..........................................................................................................8 
4 Principle of LIBS measurements .........................................................................................9 

4.1 Method .......................................................................................................................9 
4.2 Equipment ................................................................................................................10 
4.3 Important experimental parameters .........................................................................11 
4.4 Data analysis............................................................................................................12 

5 Results...............................................................................................................................13 
5.1 Choice of a Chlorine spectral line.............................................................................13 
5.2 Optimum ambient atmosphere .................................................................................14 
5.3 Determination of calibration curves ..........................................................................15 
5.4 Results of measurements on concrete cores ...........................................................18 
5.5 Test of different detectors.........................................................................................20 
5.6 Discussion of Laser specifications ...........................................................................24 

6 Application .........................................................................................................................27 
6.1 Concrete...................................................................................................................27 
6.2 Masonry....................................................................................................................29 

7 References ........................................................................................................................32 
 

 



Sustainable Bridges                                  SB-3.12                                                     2007-11-30 7 (34) 

 

3 Introduction 

Bridges are important connection elements in the European railway network. The project 
“Sustainable bridges” is focusing on European railway bridges. To improve the transport ca-
pacity as well as to enhance the residual service life of existing bridges requires extensive 
and advanced investigations. 

In the frame of workpackage WP3 “condition assessment and inspection” Laser Induced 
Breakdown Spectroscopy (LIBS) is developed as an on-site method for the determination of 
the Chloride content. 

The application of LIBS for the determination of Chloride contents is relevant for bridges, 
which have construction elements consisting of reinforced concrete. Reinforcement is en-
dangered by carbonation induced corrosion (affecting large areas of the reinforcement sur-
face, pH-value lowered form ≥ 12,5 to ≤ 10) and by Chloride induced pitting corrosion.  

Chloride induced corrosion occurs, if a critical value for the Chloride content is exceeded. 
The critical corrosion inducing Chloride content depends on concrete composition (e.g. pH-
value of pore solution, pore structure, ability to bind Chlorides) and on the ambient condi-
tions, therefore it is difficult to define generally admitted limit values. Mainly concrete ex-
posed to high moisture and especially changing moisture conditions (e.g. the splash zone of 
marine structures) is endangered and limit values are smaller than 0,5 wt% Cl related to the 
cement paste [1], [2]. In [3] a comprehensive summary on experimental studies about critical 
corrosion inducing Chloride contents is given, leading to the conclusion that lowest values 
are about 0,2 wt% Cl related to cement paste, but also values up to 1,5 wt% Cl related to 
cement have been determined in contaminated concrete. The guide value for the limit for 
prestressed concrete is lower than for reinforced concrete according to the higher safety risk 
of corrosion and lies about 0,2 wt% cl related to cement paste.  

Dissolved Chlorides from external sources penetrate into the concrete via the pore structure 
of the cement paste. After Chlorides reach the steel, the passive layer is destroyed locally 
and steel corrosion occurs. Chlorides act as catalyst, so that once the reaction has started it 
goes on. The detailed understanding of the mechanisms of Chloride induced corrosion is still 
under research. High Chloride concentrations occur in marine environments and in road 
salts, so that mainly bridges close to the sea and combined railway and highway bridges are 
affected.  

According to the results of Deliverable D1.3 [4] the percentage of concrete bridges of all rail-
way bridges is 23 %, from these 79 % are reinforced concrete bridges and 21 % are pre-
stressed or post-tensioned bridges. Over 50 % of the concrete bridges are between 20 and 
50 years old. New railway bridges are mainly built from concrete. For over 50 % of the rail-
way companies the corrosion of reinforcements is an important maintenance problem. Those 
railway companies, which have monitored the Chloride content (and carbonation), believe 
the monitoring to be useful. Concrete repair is an important rehabilitation activity for all rail-
way companies.  

Laser Induced Breakdown Spectroscopy (LIBS) is a spectroscopic method providing informa-
tion about the elemental compositions of materials. In BAM working group, IV.4 LIBS is ap-
plied to construction materials.  

The advantages of LIBS compared with other techniques have been reported to be the use 
in harsh environments and on-site, no sample preparation and real-time measurements [5], 
[6], [7], [8], [9]. LIBS allows the detection of main and trace elements. Applications of LIBS in 
civil engineering are the analysis of cement and concrete, the detection of hydrophobic coat-
ings, the quantitative measurement of the lead content in mortar specimens or the measure-
ment of the salt distribution in different construction materials [10], [11], [12], [13], [14]. 
An important task is the determination of Chloride contents, as Chlorides may cause severe 
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corrosion in reinforced concrete. There is a large amount of infrastructure, which has to be 
inspected regularly, such as bridges, structures in a marine environment and parking decks. 
Damage assessment and quality assurance in the field of concrete repair needs a fast and 
portable method. So far, these analyses are performed on taken concrete cores by chemical 
methods in the laboratory [15], [16].  
The detection and evaluation of Chlorine spectral lines in construction materials with LIBS is 
a highly challenging task because of the limited number and relative weakness of the spec-
tral lines of this element. Due to the natural heterogeneity of construction materials, a statisti-
cal evaluation of the results needs to be carried out. Nevertheless LIBS is a promising tech-
nique providing the following advantages: 

- On-site application is possible 
- Results are obtained immediately 
- More measurement points are available due to lower cost and faster results 
- Depth profiles with millimetre – resolution 
- Imaging of Chloride distribution 

With LIBS the total Chlorine content can be determined. The method does not allow the dis-
tinction between different chemical species like dissolved, adsorped or chemically bound 
Chloride ions, even not between elemental Chlorine, Chloride or other Chlorine compounds. 
We assume the total Chlorine content to be identical with the total Chloride content, as other 
Chlorine sources are negligible. The determined Chloride contents compare with total Chlo-
ride contents determined with other methods, whereas the acid-soluble Chloride content is 
used as reference method.  
 

3.1 Work objectives 
In this project, a portable LIBS set-up is designed and tested as part of the development of 
condition assessment methods for existing bridges. An optimum set-up for application on site 
is reported, taken into account the state of the technique of available lasers and detectors 
and results obtained on reference samples and concrete cores.  

The work objectives in WP3 are: 

- The design of a prototype for a portable LIBS system, suitable for the on-site deter-
mination of Chloride contents in concrete 

- The creation of a calibration database and the compilation of data  

Work to be done in WP 3: 

- Choice and adaptation of an appropriate detection unit i.e. the detector type, the time 
regime and the plasma region 

- Optimisation of the plasma ignition process 

- Identification of optimal laser parameters i.e. wavelength, energy, pulse duration and 
pulse mode, and optical set-up 

- Development of automation and data evaluation software  

- Calibration database 

- Test of the system 

- Determination of the limit of detection for the Chlorine spectral line 
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4 Principle of LIBS measurements 

4.1 Method  
Laser Induced Breakdown Spectroscopy (LIBS) is a laser spectroscopic method, the princi-
ples are described in [5], [8], [17]. (Other appellations: LIPS, LA-OES).  

An intense laser pulse is focused on the surface of the material under investigation, so that 
some microgram of the material are evaporated, a crater (diameter about 1 mm, 100 µm in 
depth) is produced and a plasma is ignited. The plasma created on a concrete sample is 
shown in Figure 1. The Laser transfers so much energy into the material that all chemical 
bonds are broken. This is the reason why LIBS allow conclusions on the content of a certain 
element, but not in which chemical compound the element occurred in the material. Conse-
quently, we determine the total Chloride content and cannot distinguish between chemically 
bound, adsorped and free Chlorides. 

After the laser pulse is off, the highly excited material dissipates the energy via different 
mechanisms, one of these is the emission of fluorescence radiation, which is measured in 
LIBS experiments. The primary result is a spectrum, i.e. the intensity of light in dependence 
of the wavelength.  A LIBS spectrum shows element specific spectral lines, the central wave-
length allows the identification of an element and the intensity of the spectral line depends on 
the elemental content. (In Figure 4 (left), a typical spectrum measured on a concrete sample 
is shown.) Almost all elements are detectable. 

For quantitative determination, calibration is necessary for the conversion of the intensity of a 
spectral line into the respective elemental content in weight percent. The calibration accounts 
for material properties (e.g. density, etc.) which affect the laser – material interaction and 
hence the intensity of spectral lines.  

For the determination of Chloride contents in reinforced concrete, a Chlorine spectral line is 
analysed and transferred into the total Chlorine content via a calibration function. Therefore, 
we speak of Chlorine with regard to the LIBS measurements, but we speak of Chloride with 
regard to the damage of the structure, assuming the total Chlorine content to be identical 
with the total Chloride content (the presence of other Chlorine compounds in significant con-
centration being rather improbable).   

Spectra have to be normalized to make the results comparable and to exclude effects from 
the experiment itself. Such effects can stem from different experimental set-ups, e.g. effec-
tiveness of light guidance to the detector and the intensity scale of different detectors, but 
also variations occur with the same set-up due to fluctuations in laser energy and the com-
plex, matrix dependent plasma formation process. The difficulty to reproduce the experimen-
tal conditions is leading to a lower precision and higher limits of detection compared with 
other forms of atomic spectroscopy [18].   

 
Figure 1 Plasma created on a concrete sample 
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On the other side, LIBS has a preferably simple set-up, so that it is suitable for applications in 
harsh environments, for process control and for on-site measurements. The main challenge 
of the method is to account for the influence of the matrix and to provide useful calibration. 
Applications for different fields from medicine to industrial quality control, sorting of waste or 
space exploration are established [9], [19], [20].  

 

4.2 Equipment 
The set-up for LIBS consists of  

- a laser for excitation, 

- a lens focussing the laser light on the sample surface, 

- a sample stage with xy-translation, 

- a gas flush system (optional),  

- an optical fibre guiding the emitted light to the detector, 

- a spectrometer/detector unit, 

- a computer for control of the experiment, data acquisition and analysis. 

The LIBS set-up used in the BAM laboratory is schematically shown in Figure 2. A NdYAG-
Laser (Big Sky) with 1064 nm, 10 Hz and maximum 400 mJ/pulse is focussed on the sample 
surface to generate the plasma plume. The fluorescence radiation of the plasma is guided 
through an optical fibre to the detection unit. In front of the optical fibre a spectral filter 
(transmits light > 550 nm) is installed to avoid interference with higher spectral orders. The 
wavelength range is adjusted by a monochromator. For Chlorine detection different detectors 
were tested. Details are given in chapter 5.5. The area above the sample surface, where the 
plasma is generated, can be flushed with a gas, so that the influence of air and evaporated 
material is excluded. In case of measurements under air the evaporated material is removed 
by suction. The samples are moved on a xy-translation stage. 

 

Figure 2 Experimental LIBS set-up used in BAM laboratory 
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4.3 Important experimental parameters 
This section is an excursion, where the main experimental parameters and their impact on 
the spectra are described, in order to clarify the terms and to facilitate further reading, espe-
cially when the experimental results are presented. The measured spectra are strongly de-
pendent on the experimental parameters and must be optimised to obtain the best results for 
the detection of the Chlorine spectral line. Optimisation of Chlorine detection can also pre-
vent the evaluation of stronger spectral lines due to oversaturation.   

 

1. Laser power 

The higher the laser power the higher the measured intensity of a spectral line for a given 
experimental set-up.   

2. Laser pulse repetition frequency 

The laser frequency determines the duration of a measurement.  

3. Focus size and position of the laser beam 

The focus of the laser beam determines the size of the illuminated surface area and 
hence the power density (irradiance) in this area. For the creation of a plasma on con-
crete the irradiance has to be at least 2 GW/cm2. 

4. Exposure time of the detector  

The exposure time is the time, during which the detector is exposed to the fluorescence 
light. The longer the exposure time, the more light is accumulated on the detector and the 
intensity is increasing. This leads to more intensity of a given spectral line, but also the 
background is increasing. Additionally too much light can saturate or overload the pixels 
amd strong lines are broadening. 

5. Number of accumulated spectra 

Accumulation of spectra leads to a reduction of background effects, the spectral features 
become clearer. Spectral lines get intensity, but the problem with saturated pixels does 
not occur. Accumulations enhance the duration of a measurement.  

6. Time resolved measurements: time delay and gate width 

After the plasma is generated all species are highly excited and black body radiation is 
emitted without spectral features. Element specific fluorescence is emitted after some mi-
croseconds, showing a maximum intensity and minimum background at a certain, ele-
ment and matrix specific time. After some milliseconds, all excited species have returned 
to the ground state and no radiation is emitted any more. Time resolved measurements 
provide the possibility to optimise the time delay after the laser pulse, so that the disturb-
ing black body radiation is not underlying the measured spectra, and the gate width is ac-
cording to the exposure time.  

7. Scan mode, scan speed, spatial resolution 

For statistical purposes or spatial resolved measurements, different points are measured 
on a surface. Either the sample can be moved with regard to the laser beam, normally 
realised in laboratory set-up, or the laser beam can be moved with regard to the surface, 
necessary for on-site measurements of large structures. The speed of the relative move-
ment determines the dimension of a measurement point and therefore the spatial resolu-
tion, whereas the minimum spatial resolution is given by the focus of the laser beam.  

 

 



Sustainable Bridges                                  SB-3.12                                                     2007-11-30 12 (34) 

 

4.4 Data analysis 
Quantitative analysis of the spectral data uses the correlation between the intensity of the 
spectral line and the element content. The intensity of the spectral line varies in between 
measurements due to fluctuation of the laser power and to different properties of the con-
crete surface (thermal conductivity, reflectivity, solidity). Therefore, normalization is neces-
sary to make spectra comparable.  

As a measure of the intensity of a spectral line, either the peak maximum (minus the back-
ground) or the area under the spectral line can be determined. For this purpose the spectral 
line under consideration is fitted with a Gauss function, the integral is determined and nor-
malized. (In graphics these values are referred to as LIBS-signal). Internal normalization can 
follow different strategies, e.g. division with the baseline at the peak maximum, division with 
the total intensity of the spectrum or division with the integral of a Gauss fit of another spec-
tral line according to an element with constant content in the sample. Different normalization 
procedures affect mainly the uncertainty of the result, which can thus be optimised. The val-
ues are averaged for each sample or each depth. For spatial resolved measurements each 
spectra is evaluated and the result is assigned to a position, giving images.  

The left side of Figure 3 visualizes the relation between element content and the intensity of 
the spectral line, on the right side a calibration curve is shown for cement mortar samples 
with defined Chloride content. The measurements are accomplished under Helium atmos-
phere, the exposure time is 1720 ms, and the spectra are averaged over 35 s while the sam-
ple is linearly moved. The integral of the Chlorine spectral line is normalized with the integral 
of a Carbon peak at 833.5 nm, which is constant in the cement mortar samples.  

The reference data for the calibration curve have been determined by standard chemical 
analysis (acid-soluble Chloride, potentiometric method [15]). 
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Figure 3 Left: Dependency between Chloride content in the cement mortar samples and the 
intensity of the spectral line. Right: Calibration curve for cement mortar samples (P-series, 
Table 2). 
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5 Results  

5.1 Choice of a Chlorine spectral line 
The measurement of Chlorine in construction materials is a highly challenging task because 
of the limited number and relative weakness of the spectral lines. The strongest Chlorine 
spectral lines lie either in the Vacuum UV below 120 nm or in the NIR region above 720 nm 
(Table 1). Spectroscopy in the VUV requires an advanced experimental set-up (special CaF2 
optics, Ozone development), and is therefore not suitable for on-site applications. In the NIR 
the sensitivity of most detectors is decreasing.  

Due to the multiplicity of the – partially overlapping – spectral lines of the elements, which are 
naturally part of construction materials, one has to find a spectral window in which a Chlorine 
spectral line occurs in sufficient intensity. Mainly Calcium as a main component of the mate-
rial has strong spectral lines spread all over the visible and NIR region.  

 

Table 1 Most intense Chlorine spectral lines in the wavelength range between 100 nm and 
1000 nm [21] 

Emitting 
atom / ion 

Wavelength 
(nm) 

Oscillator 
strength 

Constraints 

Cl III 101.5022 0.05 VUV  

Cl I 808.5561 0.13 Overlap with Ca spectral line  

Cl I 808.6673 0.33 Overlap with Ca spectral line  

Cl I 837.5943 0.46  

Cl I 858.5981 0.25 Overlap with Ca spectral line  

Cl I 891.2923 0.16 Overlap with Ca spectral lines  

Cl I 903.8983 0.45 No detection 

Cl I 906.9656 0.29 Overlap with Ca spectral lines  

Cl I 912.1143 0.21 Overlap with Ca spectral lines  

Cl I 959.2222 0.34 No suitable detector 

Cl I 980.7058 0.05 No suitable detector 

Cl I 987.5969 0.16 No suitable detector 

 

The Chlorine spectral line at 837.6 nm is the most intense Chlorine spectral line, neverthe-
less weak compared with spectral lines from other elements (mainly Calcium) abundant in 
concrete. First measurements on reference samples made from cement mortar proved, that 
this Chlorine spectral line is detectable in construction materials. No overlap occurs with 
other spectral lines. Therefore, the Chlorine spectral line at 837,6 nm is suitable for the 
measurement of Chlorine contents in concrete.  

Measurements are accomplished with the existent laboratory set-up using a monochromator 
combined with an OMA IV for detection. In the measured spectra (e.g. in Figure 4) with a 
wavelength range from 812 nm to 868 nm spectral lines of the elements Sodium, Oxygen, 
Calcium and Chlorine occur. The spectrum shows the existent spectral window for the Chlo-
rine spectral line and the weakness of the Chlorine spectral line compared with those of other 
elements. A zoom on the Chlorine spectral line (right side of Figure 4) indicates, that the sig-
nal is sufficient for analysis.  
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Figure 4 Left: Spectrum measured on a concrete core originating from a marine environment. 
Right: Zoom on Chlorine spectral line. 

 

5.2 Optimum ambient atmosphere 
The limit of detection (LOD) for Chlorine in concrete measured under air with the existent 
laboratory set-up is about 1 wt% Cl related to concrete (i.e. total mass). This is far above the 
relevant critical corrosion causing Chloride content, which can be as low as 0,2 wt% related 
to cement paste [3].  

A means of improving the limit of detection is measurement under noble gas atmosphere. 
We accomplished measurements under Argon and Helium atmosphere, to find the optimum 
gas and the optimum gas flux.  

The ambient noble gas atmosphere excludes the effect of elements in air, i.e. Oxygen and 
Nitrogen, on the spectra and due to the physical properties (e.g. ionisation energy, density) 
of the gas itself, the plasma generation is influenced and hence the intensity of spectral lines. 
Therefore, we improved our set-up with the possibility to flush the area between optical fibre 
and sample with a gas.  

In case of measurements under air, the evaporated material is removed by suction, in case 
of measurements under noble gas atmosphere the gas itself acts as carrier for the dust.    

In Figure 5 measurements on a cement mortar sample with 2,34 wt% Cl related to concrete 
(total mass) (Table 2, P-series, sample with highest Chloride content) accomplished under 
air and Helium atmosphere are compared (exposure time 430 ms). The spectral lines from 
elements of air, i.e. Nitrogen and Oxygen, vanish and the Sodium spectral lines are well re-
solved. In case of measurements under Helium atmosphere the Oxygen spectral line is re-
lated only to the Oxides abundant in the construction material. The intensity of the Oxygen 
spectral line is nearly the same in both experiments, but the half width is greater in case of 
measurements under air, indicating that the Oxygen in air has only a small impact on the 
measured Oxygen spectral line. Important for the application is the effect on the Chlorine 
spectral line, whose intensity is enhanced by measurements under Helium atmosphere, thus 
improving the limit of detection. Signal enhancement has also been observed for the detec-
tion of the Chlorine spectral line at 837,6 nm in gases and solid organic compounds [23], 
[24]. 
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Figure 5 Comparison between measurements on a cement mortar sample (2.3 wt% Cl related to con-
crete) accomplished under Helium atmosphere and air. Exposure time: 430 ms. Left: Spectrum. Right: 
Zoom on Chlorine spectral line. 

Measurements under Argon atmosphere are less advantageous than under Helium atmos-
phere, as the limit of detection is higher and Argon spectral lines occur at 840,8 nm and 
842,5 nm. 

In further measurements, the gas flux is varied between 100 l/h and 500 l/h to determine the. 
the minimum gas flux necessary  

- to obtain the maximum intensity of the Chlorine spectral line for a given sample and 
given experimental conditions 

- to exclude spectral lines originating from air  

- to exclude influences of the evaporated material on the spectra. 

The increase of the gas flux leads to signal enhancement up to 300 l/h, further increase does 
not lead to significant signal enhancement.  Therefore, 300 l/h is sufficient for a flushed vol-
ume of approximately 450 ml. 

 

Summary 

Measurements under Helium atmosphere provide the best results, because of 

- an enhanced intensity of the Chlorine spectral line 

- the absence of spectral lines from the ambient atmosphere in the wavelength range. 

The gas flux has to be at least 300 l/h for a flushed volume of about 450 ml. 

 

5.3 Determination of calibration curves 
Three series of reference samples are used for calibration, one series made from cement 
paste, two series made from cement mortar, each series containing defined addition of NaCl. 
In Table 2 the characteristics of the reference samples are summarized. The cement sam-
ples are less heterogeneous than the cement mortar samples.  

The NaCl is dissolved in water, then the solution is mixed with the other compounds and 
given into the formwork for setting and hardening. Portland cement is used. The samples are 
split, to obtain a fresh, previously internal surface.  
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Results of measurements on cement mortar samples (P-series) with high Chloride contents 
are shown exemplary in Figure 3, Figure 4 and Figure 5.  

 

Table 2 Summary of investigated reference samples (w/cm = water / cementitious material, 
weight percent related to total mass) 

Sample Material 

Composition 

Chloride 
concentration 
range (wt%)  

Photo 

Cement samples  

5 cm * 5 cm *15 cm 

14 samples 

ClZs-series 

cement (76 %) 

water (23 %) 

NaCl (0 – 3,9 %) 

w/cm 0,3 

0,05 – 2,34 

 

 

 

 
Cement mortar  

5 cm * 5 cm *15 cm 

14 samples 

ClZm-series 

cement (22 %) 

water (11 %) 

NaCl (0 – 1,15 %) 

sand (66 %) 

w/cm 0,48 

0,01 – 0,71 

 

 

 
Cement mortar 

5 cm * 5 cm * 10 cm 

6 samples 

P-series 

cement (22 %) 

water (11 %) 

NaCl (0 – 3,8 %) 

sand (66 %) 

w/cm 0,48 

0 – 2,34  

 

Calibration curves for cement and cement mortar samples are shown in Figure 6 and Figure 
7, respectively. Data are acquired with the OMA IV detection unit with an exposure time of 
1720 ms. The Chlorine content is calculated due to the weighted compounds and related to 
the total mass. In this case, the LIBS signal corresponds to the intensity of the Chlorine spec-
tral line normalized by the total intensity of the respective spectrum. The error bar represents 
the relative standard deviation. The data are not not fitted with a Gaussian profile, because of 
further work needed to improve the stability of the algorithm for low Chlorine contents. In this 
representration the linear relationship between Chlorine content and LIBS signal is visible 
and valid up to 0,05 wt% Cl in case of cement samples and 0,06 wt% Cl related to total mass 
(0,17 wt% related to cement paste) in case of cement mortar samples.  
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Figure 6 Calibration curve for cement samples. The Cl content is calculated due to the 
weighted compounds and related to the total mass, i.e. cement paste. LIBS signal corre-
sponds to the intensity of the Chlorine spectral line normalized by the total intensity.  
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Figure 7 Calibration curve for cement mortar samples. The Cl content is calculated due to the 
weighted compounds and related to the total mass, i.e. concrete. LIBS signal corresponds to 
the intensity of the Chlorine spectral line normalized by the total intensity.  

 
Summary: 

- Linear calibration curves are obtained for cement and cement mortar samples with 
Chloride concentrations ranging between 0 wt% Cl up to 2,34 wt% Cl related to the 
total mass of the sample.  

- The limit of detection (defined as evaluable Chlorine spectral line) is 0,05 wt% Cl (re-
lated to total mass, i.e. cement paste) for cement samples. 

- The limit of detection is 0,06 wt% Cl (related to total mass, i.e. concrete, according to  
0,17 wt% Cl related to cement paste) for cement mortar samples.  



Sustainable Bridges                                  SB-3.12                                                     2007-11-30 18 (34) 

 

5.4 Results of measurements on concrete cores 
In the following the results of measurements on two concrete cores originating from a marine 
structure are presented, visualizing two main advantages of LIBS data evaluation: 

- detailed depth profiles 

- spatial resolved presentation 

The concrete cores have a diameter of 35 mm (NL6) and 55 mm (NL7), respectively. Princi-
pally the diameter of concrete cores has to be about twice the size of the maximum grain 
size, to guarantee a sufficient number of measurement points for each depth.   

The concrete cores are split with a diamond blade parallel to their depth axis. One half is 
used for LIBS measurements, the other half is cut into depth slices of 15 mm each, grinded 
and used for chemical analysis as reference data.  

Line scans on the surface of the cross section with a distance of two millimetres are exe-
cuted. The resolution per line scan was about one millimetre. A photo of the concrete cores 
after measurements is shown in Figure 8, the line scans are clearly visible on the surface.  

For spatial resolved presentation, each single spectrum is evaluated. Chlorides in aqueous 
solution diffuse into the concrete via the pore structure. They occur in the cement paste and 
in the cement-aggregate-interface, but they do not penetrate into the aggregates. The spec-
tral data allow an assignment to cement paste or aggregate, as aggregates consist mainly of 
SiO2.  For this purpose the ratio of the intensity of the Calcium spectral line at 849,9 nm as 
marker for cement paste and the Oxygen spectral line at 844,6 nm (abundant in both cement 
paste and aggregate) is taken (Ca/O). This assignment agrees with the abundance of Chlo-
rine spectral lines, so that only for “cement paste spectra” the Chlorine spectral line needs to 
be evaluated, thus improving the evaluation time and the stability of the algorithm. Further 
on, the determined Chlorine content is related to the cement matrix, which is not available by 
standard methods, whereas the Chlorine content related to concrete can be easily calculated 
by using the percentage of cement paste spectra as weighting factor. By taking into account 
further material properties the uncertainty of the measurement result due to the heterogene-
ity is reduced. The spatial resolved presentation of the Ca/O-ratio is shown in Figure 8, mid-
dle. Dark colours represent low Ca/O-ratios, i.e. aggregates, light colours represent high 
Ca/O-ratios according to cement paste. A comparison with the photograph of the core shows 
a good agreement between the interpretation of the spectral features and the composition of 
the core. 

In Figure 8 (right), the chloride content is visualized. Up to a depth of 25 mm the Chlorine 
spectral line has enough intensity for evaluation, represented in light grey. In greater depths, 
the Chloride content is lower than the detection limit and the Chlorine spectral line cannot be 
detected in the cement paste, represented in dark grey.  



Sustainable Bridges                                  SB-3.12                                                     2007-11-30 19 (34) 

 

 
Figure 8 Upper row: Core NL6, lower row: Core NL7. Left: Photograph of the measured surface. Mid-
dle: Spatially resolved, colour coded ratio of the calcium spectral line to the Oxygen spectral line. 
Black represents aggregate, light colours represent cement paste. Right: Spatially resolved, Chloride 
distribution with underlying Ca/O-ratio. White represents evaluable Chlorine spectral lines, black 
represents aggregates, dark grey represents cement paste, where Chlorine is not detected. It can be 
seen, that Chloride ingress has proceeded up to a depth of approximately 25 mm. 

For both cores depth profiles are determined with a depth resolution according to the dis-
tance of the line scans, i.e. 2 mm. For each line scan, the spectra assigned to cement paste 
are averaged. After averaging the integral of the Chlorine spectral line is determined by a 
Gaussian fit and normalized by the value of the baseline at the peak position. The depth pro-
file for NL7 is shown in Figure 9. When no Chlorine spectral line could be detected values 
have been set zero. The first value (0 mm) is measured on the surface of the front side, after 
one line scan for surface cleaning. 

 
Figure 9 Depth profile of Chlorine content. 
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The comparison of LIBS data and data from chemical analysis proves a good agreement 
between both methods. The depth resolution of chemical analysis is limited by the size of the 
depth slices, which can be cut, depending on the material properties like the size distribution 
of aggregates and porosity. LIBS data provide a much better depth resolution in the millime-
tre-scale, which is limited only by the size of the laser focus.  

 

Summary: 

- The ratio of the intensity of the Calcium spectral line at at 849,9 nm and the Oxygen 
spectral line at 844,6 nm (Ca/O-ratio) is used for assignment of spectra to cement 
paste or aggregate, respectively.  

- The Chlorine spectral line and the Ca/O-ratio can be visualized in spatial resolved 
images. This allows for analysis of damage mechanisms, e.g. ingress profiles along 
cracks can be studied. 

- Depth profiles are determined by averaging spectra according to the same depth.  

- Depth resolution is in the millimetre-scale and only limited by the laser focus.  

- If only cement paste spectra are regarded, the Chlorine content related to cement is 
determined.  

- Both, the Chlorine content related to cement and the Chlorine content related to con-
crete is available.  

- LIBS results are in good agreement with chemical analysis.  

 

 

5.5 Test of different detectors 
The detection system of a portable LIBS experiment has to fulfil the following criteria: 

- Suitable for application, i.e. detection of Chlorine at 837,6 nm with a limit of detection 
at least 0,2 wt% Cl related to concrete, sufficient wavelength resolution, sufficient in-
tensity resolution 

- Low weight and small size 

- Robust construction, i.e. impact resistant, hermetically sealed against dust and water 

- Low cost 

The following detectors were tested: 

- OMA4 (EG & G), 18 bit intensity resolution, CCD-Array 1024 * 256 Pixel. The detec-
tor is a non intensified system with a comparative high quantum-efficiency in the NIR. 
Time-resolved measurements are not possible, only a mechanical shutter with a time 
constant of 15 ms is available. The wavelength range from 812 nm to 868 nm was 
adjusted by a monochromator (Acton Research SpectraPro 150) with 1200 L/mm 
grating. 

- HR 2000 (Ocean Optics), 12 bit, wavelength range 772 nm to 946 nm, time-resolved 
measurements are not possible. 

- ICCD and spectrometer (Andor), 16 bit, wavelength range 770 nm to 904 nm, time-
resolved measurements are possible. 

- CCD and spectrometer (Andor), Model DV 420, 16 bit, wavelength range 770 nm to 
904 nm, time- resolved measurements are not possible. 
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- PIXIS 400 (CCD), Princeton instruments and spectrometer (Acton Research Spec-
traPro 150 with 1200 L/mm grating), 16 bit, wavelength range 800 nm to 877 nm, 
time-resolved measurements are not possible. 

- Channel Photomultiplier and 10 nm Bandpass Filter.  

It has to be noted, that the limit of detection is determined for different series of reference 
samples, which cannot be compared directly. Depending on the composition of the samples, 
the LOD is varying related to the total mass (concrete), whereas the LOD is in the same or-
der of magnitude, if data are related to the fraction of the cement paste.  

Table 3 Detector specifications 
Device Wavelength 

resolution  
Dynamic 
range  

Quantum 
efficiency at 
837,6 nm 

Limit of detec-
tion Cl 
(wt% related to 
concrete) 

Spectrometer & 
OMA IV  
(EG & G) 

0,05 nm 18 bit 25 % 0,09 

HR 2000 (CCD) 
(Ocean Optics) 

0,13 nm 12 bit > 30 % Not determined 

Spectrometer & 
ICCD (Andor) 

0,13 nm 16 bit 2% Not determined 

Spectrometer & 
CCD (Andor) 
 

0,13 nm 16 bit 40 % 0,15 

Spectrometer & 
CCD (PIXIS) 

0,06 nm 16 bit 36 % 0,22 

 

For measurements on cement paste samples, the LOD related to the total mass is highest, in 
concrete samples it is lowest. The aggregate acts as “dilution” for Chlorides, but as the 
evaluation allows for distinguishing between cement paste and aggregate, the Chlorine con-
tent related to cement is the critical quantity.  

The OMA IV system has the best dynamic range (i.e. intensity resolution) and therefore pro-
vides the best limit of detection. Results are presented in chapter 5. The LOD determined for 
the cement mortar samples (ClZm-series, Table 2) is 0,09 wt% Cl related to concrete 
(0,26 wt% Cl related to cement). The LOD determined for the cement samples (ClZs-series, 
Table 2) is 0,25 wt% Cl related to cement, i.e. 0,25 wt% related to the total mass in this case. 
The LOD is sufficient for damage assessment on real concrete samples. As the OMA IV is 
not under service any more, it is not suitable for a portable set-up. 

The Ocean Optics HR 2000 is optimum due to size, robustness and cost, but the dynamic 
range is insufficient to measure low Chlorine contents. Meanwhile a better dynamic range 
(14 bit) is available. The limited intensity resolution impedes the possibility to increase the 
intensity of the Chlorine spectral line as all means (e.g. longer exposure time) lead also to an 
enhancement of the other spectral lines. The respective detector pixels become oversatu-
rated, the spectral lines are broadened and the background is increasing, thus blurring the 
spectral features. The limit of detection has not been determined.  

The Andor ICCD (intensified CCD) is the most expensive system and provides the possibility 
of time-resolved measurements. Therefore, spectra without influence of the plasma back-
ground are measurable, which leads in most cases to better detection limits. In case of con-
struction materials this is unfortunately not true, as the detector is very sensible with regard 
to overload, i.e. too strong light exposure. The exposure time has to be chosen with regard to 
the most intense spectral lines, so that the weak spectral lines are not resolved. The limit of 
detection is insufficient to measure low Chlorine contents.  
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The Andor CCD shows similar properties as the OMA IV, but the dynamic range is lower, 
resulting in a slightly higher limit of detection for Chlorine. Compared with the ICCD time re-
solved measurements are not possible, but the detector can be overloaded. This allows for 
measurements with longer exposure times, which provide more intensity for the Chlorine 
spectral line, whereas the maxima of the strongest spectral lines exceed the measuring 
range. The Andor CCD has a better sensitivity in the NIR than the OMA IV system, therefore 
the exposure time is shorter and the CCD is only partially read out. Unfortunately, this advan-
tage cannot be exploited to improve the LOD due to the strong Calcium spectral lines. The 
LOD determined for the cement mortar samples (ClZm-series, Table 2) is 0,15 wt% Cl re-
lated to concrete (0,45 wt% Cl related to cement). The LOD determined for the cement sam-
ples (ClZs-series, Table 2) is 0,4 wt% Cl related to cement, i.e. 0,4 wt% related to the total 
mass in this case. The LOD is sufficient for damage assessment on real concrete samples. 
The CCD is suitable for the on-site detection of Chlorine.  

In Figure 10 normalized data measured with the Andor CCD are shown. The experimental 
conditions are given in Table 4. On the left side, a spectrum of a cement mortar sample is 
presented. According to the used spectrometer the wavelength range is broader than for the 
OMA IV data. It is visible, that the intense spectral lines are broadened and the respective 
detector pixels are oversaturated. On the right side the Chlorine spectral line is shown for 
different Chlorine contents.  
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Figure 10 Left: Spectrum of cement mortar sample with 2,34 wt% Cl measured with Andor 
CCD. Right: Zoom on Chlorine spectral line. Measurements on cement mortar samples with 
different Chlorine contents. 

The PIXIS CCD has similar specifications as the Andor CCD. The LOD for the cement mortar 
samples (ClZM-series, Table 2) is 0,22 wt% Cl related to concrete (0,70 wt% related to ce-
ment paste). The LOD determined for the cement samples (ClZs-series, Table 2) is 0,75 wt% 
Cl related to cement, i.e. 0,75 wt% related to the total mass in this case. The LOD is slightly 
worse than for the Andor CCD. 

In Figure 11 a comparison of the normalized spectra in the wavelength region of the Chlorine 
spectral line measured with the OMA IV, the Andor CCD and HR2000 detection systems is 
given. The Chlorine spectral line is measured on cement mortar samples (P100 according to 
2,34 wt% Cl related to total mass, P97 according to 0,61 wt% Cl related to total mass). The 
normalized values are not identical due to different dynamic ranges and different grades of 
oversaturation of the detectors. The experimental parameters are summarized in Table 4. As 
they have been optimised for the respective detection system, they are different for each 
experiment. 

The Channel Photomultiplier in combination with a 10 nm bandpass filter is not suitable for 
Chlorine detection. Due to the broadness of the bandpass filter the measured intensity is 
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highly affected by the background and cannot be assigned unambiguously to Chlorine. Fur-
ther tests are necessary to test the suitability of the very sensitive Channel Photomultiplier in 
combination with a narrower bandpass filter (bandpass smaller than 1 nm).  
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Figure 11 Comparison of Chlorine spectral line, measured on cement mortar samples with 
different detectors 

 

Table 4 Experimental conditions for the data presented in Figure 11. 
 OMA IV 

(EG&G) 

CCD  

(Andor) 

HR2000  

(Ocean Optics) 

CCD 

(PIXIS) 

Laser power/pulse 300 mJ 400 mJ  400 mJ 

Exposure time (ms) 860 51 600 51 

Accumulations 20 20 1 20 

Number of CCD rows 245 tracks 20 tracks  400 tracks 

Ambient atmosphere He 300 l/h He 300 l/h He 300 l/h He 300 l/h 
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Summary: 

- The intensity resolution (dynamic range) of the detection unit is the critical quantity for 
a preferably low limit of detection, due to the necessity of simultaneous detection of 
very intense (Ca) and very weak spectral lines (Cl). 

- From the tested devices only the Andor CCD camera is suitable for a portable set-up 
providing low detection limits.  

- Further tests and study of technical developments are necessary.  

 

5.6 Discussion of Laser specifications 
The fast development of Laser technologies reflects in advanced LIBS experiments. The 
most important trends in LIBS are femtosecond lasers and dual-pulse configurations. There-
fore, a brief discussion is given of the influence of laser properties, mainly the wavelength, 
the pulse duration and advanced experiments.  

The main point of laser properties – beside the frequency, which has an impact on the time 
needed for a measurement – is the impact on the laser-matter or the laser-plasma interac-
tion, i.e. the mechanism of energy transfer from the laser light to the material or to the excited 
species of the plasma. The more energy is transferred to the excited atoms and ions, which 
are the source of the measured fluorescence, the more intense the signal.  

The laser-plasma interaction is more effective for longer wavelengths, whereas more energy 
is transformed into electronic energy in case of lower wavelengths [25]. An improved repro-
ducibility has been observed for excitation in the UV (266 nm) compared with excitation in 
the NIR (1064 nm) on polymer samples [26].  

 
Pulse duration: Nanosecond versus femtosecond 
The pulse duration has an impact on the laser-matter interaction, as the physical phenomena 
for energy transfer into the material are different. In case of nanosecond laser pulses the 
pulse duration is greater than the typical heat diffusion time (order of magnitude: some pico-
seconds), whereas in femtosecond laser pulses the pulse duration is shorter. Additionally, 
due to the timescale laser-plasma interactions play a role in case of nanosecond laser pulses 
but not for femtosecond laser pulses, leading to shorter plasma lifetimes and more efficient 
energy transfer to the sample.  

The differences between femtosecond and nanosecond laser pulses are studied on different 
materials like metals, semiconductors, ceramics etc., and no experimental results on con-
struction materials are reported, as the main application is the controlled generation of mi-
crostructures and not spectroscopic applications.  

The main differences between femtosecond and nanosecond laser pulses are reported to be 
[26], [28], [29]: 

- More laser energy is needed in case of nanosecond laser pulses for ablation of the 
same amount of material or, in other words, to generate the same crater depth. 

- The craters generated by femtosecond lasers are more accurate, smaller structures 
can be achieved, the surrounding surface is less affected, less cracks are induced in-
side the material.  

- The temporal development of the intensities of spectral lines is different for femtosec-
ond and nanosecond laser pulses, which leads to different optimum time delays in 
case of time resolved measurements. 
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Femtosecond lasers are state of the art in laboratory experiments. A portable femtosecond 
laser system has been developed for atmospheric measurements, situated in a container 
and is also used for remote LIBS experiments [30]. For routine applications femtosecond 
laser systems are too expensive, too sensitive against environmental influences and need to 
much maintenance.   

 
Configuration: Dual Pulse versus Single pulse 
The aims of dual pulse configurations are an improved sensitivity, a lowered limit of detection 
and an improved relative standard deviation. Many variations – more or less complicated - 
are reported, which can be categorized as follows: 

- One [31] or two lasers 

- Same or different wavelength [32] 

- Two or more pulses 

- Pependicular or collinear laser beams, different sequences 

As far as we know in all dual-pulse experiments nanosecond lasers have been used.  

The most important configuration may be pre-ablation spark LIBS. In a pre-ablation spark 
LIBS experiment the first laser beam parallel to the sample creates a plasma in air above the 
sample surface and the second laser beam, some microseconds after the pre-ablation spark, 
is focused on the sample and used for ablation and creation of material plasma [29].  

The use of a single laser in double pulse mode provides a more compact, reliable, and less 
expensive system than can be achieved with two separate laser (e.g. no alignment prob-
lems), but up to now most lasers allow not enough potential to control pulse energy, pulse 
duration, wavelength and interpulse delay independently [32].   

The comparison of experiments is not quite easy as each working group favours an own con-
figuration and applies it on own not standardized samples. Investigated materials include 
metals and alloys, semiconductors, glass, ceramics, etc. Nevertheless, for all dual pulse con-
figurations (with respective sample material and elements of interest) a significant increase in 
LIBS sensitivity correlated to an increased amount of ablated material is reported. Addition-
ally, an improvement of the detection limit and the standard deviation has been observed 
[33].  

Eye safety is an important aspect working with an intense, invisible laser. In laboratory spe-
cial laser protection glasses have to be used by the staff. For a portable set-up the construc-
tion has to guarantee eye safety. Fiber optics are not suitable for the high laser powers 
needed. So far fibers are available for maximum 100 mJ/pulse. 

The specifications of the portable NdYAG-Laser of BAM are summarized in Figure 12. The 
laser has comparable low weight and small dimensions combined with a maximum output 
energy of 400 mJ per pulse, which can be adjusted in 40 mJ steps. 
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Big Sky, Model CFR-400-10-Ultra 

Wavelength 1064 nm 

Pulse duration  7 ns 

Pulse energy 400 mJ 

Frequency 10 Hz 

Laser Head 

 

5 kg 

(323*84*94) mm 

Power Supply and 
Cooling Group Unit 

13 kg 

(371*363*191) mm 

Power supply 220 V 

Safety Class IV 
 

Figure 12 Photo and specifications of portable NdYAG Laser at BAM 

 

 

Summary: 

- So far, femtosecond lasers are too expensive, not robust enough and need to much 
maintenance for a portable set-up. 

- Femtosecond laser pulses provide different laser-matter interaction compared with 
nanosecond laser pulses, which have great advantages for material machining, but 
are from minor importance for spectroscopic applications.   

- Signal enhancement, improvement of detection limit and relative standard deviation 
can be achieved with dual pulse experiments 

- Dual pulse experiments are a future perspective, but so far an optimum configuration 
and the understanding of the physical phenomena are still under research. The ex-
perimental set-up is quite expensive and not robust enough for employment on-site.  

- For the on-site determination of Chloride content a standard NdYAG – Laser with 
about 10 ns pulse duration is sufficient. 

- Eye safety has to be guaranteed. 
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6 Application 

6.1 Concrete 
For a performance demonstration of the LIBS-setup, measurements on concrete cores ex-
tracted from the Örndsköldsvik BV RC Bridge in Sweden were carried out in the BAM labora-
tory. The position of the cores at the bridge northern abutment are shown in figure 13. 

Additional all cores are investigated by standard chemical methods at COWI. A comparison 
of LIBS and standard chemical investigations and a more detailed discussion of the results 
will be given in D7.3.  

Figure 13 Photo of Örndsköldsvik BV RC Bridge (Sweden) with core location on northern 
abutment. 

 

All cores are cut in the middle of the centre-line. One half is used for LIBS investigations. The 
cores were scanned line by line (see photo in figure 14 and figure 15). For each line 85 
measurements where performed (1 measurement / mm). The distance between two lines 
was 2 mm. 

6.1.1 LIBS results 
For each core the Ca-, Cl- and Na distribution was measured and visualised (see figure 14 
and figure 15). In the Ca distribution a clear correlation with aggregates is visible. No Cl in-
gress was measured. This is due to the actual limit of detection, but an improvement should 
be achieved due to double pulse evaporation. Double pulse experiments will be performed in 
spring 2007. The Cl-content shown in figure 14 and figure 15 is correlated with the back-
ground and only small differences are visible caused by changes in the background signal at 
different positions. The aggregates are visualized by specific Na, Ca and background sig-
nals. 



Sustainable Bridges                                  SB-3.12                                                     2007-11-30 28 (34) 

 

      
 

 

Figure 14 Comparison of photo, Ca distribution (green), Cl distribution (red) and Na distribution 
(blue) at concrete core 1. The outer surface of the core is at the top of the photo. . 

 

      
 

  

Figure 15 Comparison of photo, Ca distribution (green), Cl distribution (red) and Na distribu-
tion (blue) at concrete core 3. The outer surface of the core is at the top of the photo. . 
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In both cores aggregates with detectable Na content are visible (see orange images in figure 
14 and figure 15). Also aggregates with additional Fe and Ca content are detected. No addi-
tional ingress of Cl or Na (from NaCl) along the crack visible in the photo in figure 15 was 
detected. 

6.1.2 Volhard titration results 

On cores 1 – 3 the Chlorine concentration gradient was measured by standard chemical test 
(Volhard titration). The measurements were performed at COWI A/S, Denmark. The results 
are shown in table 5. These results are in good correlation to the corrosions rate measure-
ments as the reinforcement is typically in the depth of 40-60 mm. The core 2 was cracked 
which explains the lack of a concentration gradient. 

Table 5 Volhard titration results 

Core Deept 
Results 

[% of the concrete weight] 

00-20 mm 0,07 

20-40 mm 0,04 1 

40-60 mm 0,02 

00-20 mm 0,05 

20-40 mm 0,04 2 

40-60 mm 0,05 

00-20 mm 0,00 

20-40 mm 0,01 3 

40-60 mm 0,02 
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Figure 16 Comparison of result of the chloride determination in core 1-3 by Volhard titration. 
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6.1.3 Comparison LIBS and standard test 

For all measured cores (1-3) no significant chlorine spectral line was evaluated. The evalua-
tion of the chlorine signal is hindered by the iron spectral line located close to the chlorine 
spectral line (see figure 17). At some points on core cowi 1b an additional signal which is 
neither dedicated to chlorine nor dedicated to iron is observed (see figure 17). 

 

Figure 17 Typical chlorine and iron spectral line at 837 and 838 nm and signal measured at 
specimen cowi 1b in that wavelength region. 

 

 
Figure 18 Visualization of points were at the position of the chlorine spectral line an addi-
tional signal or a clear iron signal were measured. 
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In figure 18 as an example the points were the additional signal was evaluated and the points 
were a clear iron signal was evaluated are visualized. The iron signal is correlated with the 
measurements on the rebar (see bright spot in the photo in figure 15). The additional signal 
is correlated with some aggregates but not with the region of measured chlorine content by 
standard chemical tests. LIBS could not evaluated any chlorine signal in the measured cores. 
The signals are below the actual limit of detection. 

6.2 Masonry 
 

The LIBS technology can also be applied on masonry samples. Of course separate calibra-
tion curves have to be established. In addition to the research programme agreed in the be-
ginning of the project is was decided to use LIBS for salt identification and content analysis at 
the WP7 demonstration site in Olesnica, Poland. The results will be reported in D7.4 in 2007. 

An example for LIBS application on masonry is given below. For the investigation of salt 
transport in lime-sand brick samples were loaded with solutions of different NaCl concentra-
tion (0,5 M%, 2,0 M% and 5 M%) and then dried up to a constant mass. The specimens were 
broken and positioned side by side. Line-scans over the cross section of three specimens of 
lime-sand brick were performed and evaluated (see figure 16). As a measure for the salt con-
tent inside the specimen the intensity of the Sodium spectral line at 819.48 nm is plotted in 
correlation with the point of measurement. Black bars indicate the mean value in the centre 
of the specimen, additional the numerical representation is printed. 

 

Figure 18 Intensity of Sodium spectral line at 819.48 nm during line-scan over three 
neighbouring clinker and lime-sand bricks. The specimens were loaded with salt solutions of 
different concentrations. The black bars indicate the mean value in the centre of the speci-
men (the numerical representation is printed).  

The heterogeneity of the lime-sand brick causes signal fluctuations. Also visible is a higher 
salt content in the near surface region (dotted lines and right and left border) of the three 
samples.  
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