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Abstract

:

The article concerns the assessment of technical condition of the precast loggia wall in a large panel building after 25 years of use as well as the cause of its damage. As a result of the study, cracks and losses of the concrete cover were found. Corrosion products were visible on exposed reinforcing rods. The reinforcement distribution and concrete cover thickness in loggia wall were estimated using a rebar detector. The corrosion assessment of reinforcement was performed using a semi non-destructive galvanostatic pulse method that allows the location of areas of corrosion and estimate the reinforcement corrosion activity. The phase composition of the concrete cover was analyzed. The test results showed an insufficient thickness of the concrete cover as the main cause of loggia wall damage. The research indicated that manufacturing errors made in the prefabrication plants affect the technical condition of precast elements and may lead to the damage of the structure well before the expected of its service life. In the case of manufacturing errors causing the implementation of an element with a concrete cover that does not meet the standard requirements for thickness and tightness, it is recommended to use protective coatings to increase the element’s durability to the designed level.
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1. Introduction


In Europe’s post-war years (and until the mid-1980s in Poland), large panel system-building was a widespread form of construction due to extensive war damage and the need to quickly and efficiently erect new residential buildings [1,2]. A characteristic feature of this method is the manufacture of load-bearing elements in prefabrication plants, which are then transport and assembled on the construction site. With years, other production systems were introduced and the existing systems were modified by the so-called “houses factories”. The adopted production model assumed shortening the time of building erection [3]. The finished construction elements were also expected to be of high quality from the prefabrication plants owing to the controlled manufacturing conditions, as opposed to those on the construction site. It thus seems natural to assume that precast elements were manufactured according to all design assumptions made in relation to, among others:




	
The geometry of the element;



	
Reinforcement distribution;



	
Concrete cover parameters.








The thickness of concrete cover is emphasized in this paper as one of the key factors determining the durability of reinforced concrete structural elements susceptible to the aggressive influence of the external environment, especially in the context of the corrosion risk of reinforcement [4,5]. This thickness determines the speed of penetration of aggressive substances deep into the reinforced concrete element, which results in damage to the passive layer on the bars and initiation of reinforcement corrosion processes. Manufacturing errors involving insufficient concrete cover decrease its protective function and thus affects the durability of the element or leads to its failure [6].



This issue is important as the existing buildings were built in the 80s with a design life of 50 years, according to structural class S4 as per Eurocode 2 PN-EN-1992-1-1. Particular attention should be drawn to the errors made in prefabrication plants. A considerable pace of work at that time often resulted, among others, in the failure to maintain the reinforcement cover thickness of the structural elements and, consequently, during the service life, which contributed to reinforcement corrosion. The problem is all the more important now since a significant revival in production of precast elements has been observed in recent years, partly as a result of their growing export potential (e.g., to the Scandinavian countries) and domestic demand. Considering the high level of technological advancement, the quality of components produced in prefabrication plants should also be high. Unfortunately, this is not always the case, as shown by the research on precast elements described in [7,8,9,10]. Significant deviations in the distribution of the reinforcement and thickness of concrete cover were found in these tested elements. In order not to duplicate errors from previous years, special attention should be paid to the quality of element manufacture and production control consisting not only of checking the general geometry of precast elements or quality control used in production materials (concrete or steel), but also to correct the reinforcement arrangement, especially during the concreting process.



In addition (due to production costs incurred, as well as to minimize waste), it is worth taking remedial measures to increase the durability parameters of incorrectly made elements. For this purpose, protective coatings [6] can be used, which improve the desired parameters of the element to be used in accordance with the design objectives. It is important to choose the right type of protective coating depending on both the type of aggressive environmental factor acting on the damaged element and the type of element itself [11,12,13].



The aim of this paper is to assess the corrosion risk of reinforcement in the loggia wall made in the large-panel system after 25 years of service life, i.e., in the middle of the planned period of use. The research included the inventory of reinforcement, determination of reinforcement corrosion, prediction of corrosion rate, and analysis of the phase composition of the concrete cover.




2. Materials and Methods


The basis of the study was the inventory of the loggia wall of a residential building constructed in the 90s according to the W-70/MK system. A visual inspection of the wall constituting the support of floor slabs in the loggia revealed numerous cracks and a loosening of the concrete cover, probably due to the corrosion of the reinforcement (Figure 1).



The precast walls of the inventory loggia were made of concrete of the planned class B17.5 [14]. During the inventory, approximate values of the actual compressive strength of the concrete were determined based on sclerometric tests performed at six points. Tests were carried out using the N-type Schmidt hammer (Figure 2c). The results were presented in the form of an estimated concrete compressive strength in Table 1.



Based on the obtained concrete strength, the concrete class was determined as C25/30 (B30) [15]. It is higher than the assumed design class.



The analysis of archival technical documentation as well as reinforcement inventory (ribbing on bars) allowed to determine the reinforcing steel grade. It was found that the longitudinal reinforcement was made of 18G2 steel, while the transverse reinforcement was made of ST3SX steel. Table 2 shows the chemical composition and yield stress of the indicated steel types.



The analysis of the reinforcement corrosion risk in the wall was based on the measurements with the semi-destructive electrochemical method using the GP-5000 GalvaPulseTM diagnostic device (Germann Instruments A/S, Copenhagen, Denmark) (Figure 2a) and on the phase composition of the concrete sample taken from the concrete cover. In addition, the actual reinforcement distribution was determined and the thickness of the cover was estimated using the Ferroscan PS200 (Hilti Poland Sp. z o.o., Warsaw, Poland) (Figure 2b).



Figure 3 shows the geometry of the tested wall with the marked points in which measurements were made during the tests, the crack, and concrete loss patterns. In addition, the “×” symbol indicates the areas where the concrete cover detached.



2.1. Measurements of the Reinforcement Distribution and the Concrete Cover Thickness


One of the stages in the assessment of the condition of the diagnosed loggia reinforced concrete wall involved determining the distribution of reinforcement and the level of its covering. For this purpose, a non-invasive diagnostic device Ferroscan PS200 (Figure 2b) was used. It operates on the principle of electromagnetic induction and eddy currents. Transceiver coils generate an electromagnetic field, which upon encountering a ferromagnetic element, causes eddy currents in it, as a result of which the magnetic field appearing in it generates the induction current in the coil. Then there is a change in the magnetic field of the coil itself and the reinforcement in the reinforced concrete elements is detected. The test consists in marking on the surface of the element measuring fields with dimensions of 0.60 m × 0.60 m divided into 8 paths (4 vertical and 4 horizontal) with widths of 0.15 m, after which subsequent measuring passes were performed (Figure 3b). One test can be performed in a total of 9 such fields. The effective detection range of the device is about 0.10 m from the surface of tested element. It should be noted that the measurement error of both the thickness of the cover and the diameter of the detected reinforcement varies within ±2 mm, and thus, to accurately determine the reinforcement diameter, it is also recommended to make a local opencast [18,19,20].




2.2. The Reinforcement Corrosion Test


The evaluation of the corrosion risk of the reinforcement loggia wall performed using electrochemical polarization, the galvanostatic pulse method [21,22,23]. This is an alternative measurement method to the more commonly used half-cell potential measurements [24]. The usually used potential mapping technique, measuring half-cell potential on concrete surface sometimes led to misinterpretation especially in structures placed in wet and anaerobic environment [25,26,27]. For this reason the galvanostatic pulse technique has been introduced [25,26,27,28]. Both electrochemical methods assume that corrosion of reinforcement in concrete is an electrochemical process in which a steel reinforcing bar is an electrode and the alkaline liquid filling the pores of the concrete is an electrolyte. Local anode and cathode formed on the surface of the bar generate the flow of electric charge through electricity, while the liquid filling the pores of the concrete is the carrier of ions. In the galvanostatic pulse method, the short-time anodic current pulse is impressed galvanostatically, which leads to a polarization of reinforcement and allows one to measure certain electrical quantities, i.e., reinforcement stationary potential (Est), corrosion current density (icor), and concrete cover resistivity (Θ). The obtained values, after comparing them with the criterion values (Table 3), allow the assessment of the degree of reinforcement corrosion in concrete. The corrosion current density measurements are the most reliable. Other values such as the reinforcement stationary potential and the concrete cover resistance give only estimated results and they are not as important as when measured in accordance with [24,29].



It should be remembered that the criteria presented in Table 3 are appropriate for measurements made using the galvanostatic pulse method and other reference criteria are applied when a different measurement technique is used.



One of the few devices available on the market for the simultaneous measurement of three electrical quantities stationary potential of reinforcement (Est), concrete cover resistivity (Θ), and the corrosion current density (icor) is the GP-5000 GalvaPulseTM set (Figure 2a) [30,31,32,33]. The advantage of using the GalvaPulseTM device (compared to devices used in half-cell potential measurements) is the relatively short measurement time, which is usually no more than a few seconds at one point.




2.3. Test of the Concrete Phase Composition


Material tests were carried out using the X-ray diffraction method (XRD). A part of concrete removed near the measuring point (1,12) was obtained for testing. In order to perform the test, the sample was ground. The aggregate was separated from it at the same time. The obtained material, with a grain size less than 0.065 mm was tested in a PANalytical Empyrean X-ray diffractometer. The tests were carried out using a Cu lamp in the range of angles—2Θ, from 5° to 55°.





3. Results and Analysis


3.1. Analysis of the Reinforcement Distribution and the Concrete Cover Thickness


All tests (including those related to the detection and assessment of reinforcement corrosion) were carried out on a fragment of the reinforcement concrete wall shown in Figure 3b. The actual reinforcement distribution and cover thickness (cnom) measurements are presented in the indicated characteristic points selected on the basis of the corrosion activity measurements presented in the further part of the paper.



Figure 4 presents examples of maps of the reinforcement distribution obtained from the analysis of the Ferroscan PS200 data. For this purpose, the PS200 Software (Version 5.4.2.1:2008) was used. It was calibrated on the basis of inventoried diameters of longitudinal and transverse reinforcements, determined on the basis of the concrete cover at the level of 18 mm (vertical reinforcement) and 6 mm (horizontal reinforcement).



The scans reveal the failure to maintain the assumed thickness of concrete cover and non-parallel reinforcement trajectories. The deviations of the reinforcement cover were significant as according to Figure 4, at the level of 1–11 mm (almost on the surface of the element), reinforcement fragments are visible. At the level of 5–15 mm a certain reinforcement mesh in the upper zone can be observed and practically most of the bars are visible at the level of 10–20 mm. The indicated level of cover can be unquestionably considered insufficient, especially for elements designed in accordance with exposure class XC4 or XF1, i.e., elements exposed to periodic wetting and drying or frost [15,17]. For them the minimum recommended thickness of concrete cover is 30 mm [17]. The determined cover thickness also did not meet the requirements in force at the time when the elements were designed, i.e., 25 mm for environment G/C.4.w.1a (according to the Polish standards PN-84/B-03264 [14] and PN-80/B-01800) [34]. Failure to maintain the required thickness of cover markedly contributed to concrete damage as a result of steel reinforcement corrosion processes (Figure 1). A summary of the cover levels determined at points C1–C11 (Figure 3a,b) is shown in Table 4.



The presented results of the reinforcement concrete cover measurements show a technological regime failure. This negligence caused a significant reduction in the thickness of cover, in extreme cases by 20 mm (80%), compared to that assumed in accordance with the previous standard [14] and even by 25 mm (83%) in accordance with the current requirements [17], increasing the risk of reinforcement corrosion.




3.2. The Reinforcement Corrosion Test Analysis


The visible detachments of the concrete cover layer allowed without the additional removal of concrete, the determination of the main reinforcement bar’s position in the loggia wall’s Y direction. The research area was determined on this basis. It comprised of three reinforcing bars along which 20 measuring points were placed on the concrete surface directly above each bar at intervals of ~100 mm (Figure 3a and Figure 5). In total, 60 measurement points were marked in accordance with the adopted coordinate system from (1,1) to (3,20). However, at 9 points located on bar 1 (i.e., the bar nearest to the outside wall of the loggia) the measurements could not be done due to the detachment of the concrete cover (Figure 1 and Figure 3c).



The results of all three parameters measurements, i.e., the stationary potential of reinforcement (Est), the concrete cover resistivity (Θ), and the corrosion current density (icor) performed with the GP-5000 GalvaPulseTM device, are presented in separate tables generated by the GalvaPulse software with graphical maps of their distribution values (Figure 5, Figure 6 and Figure 7). Instead of the density of the corrosion current, the values of the corrosion rate [m·year−1] have been given (automatically recalculated in the program). The above data obtained from 51 measurement points (after eliminating 9 points in which the measurement was impossible due to the lack of concrete cover) were analyzed based on the criteria set out in Table 3. Data analysis determined the probability of reinforcement corrosion in the studied area on the basis on the reinforcement stationary potential and the concrete cover resistivity. The rate of corrosion of the tested bars was estimated based on the corrosion current density.



Analysis of the value of reinforcement stationary potential showed that in most of the studied area (results from 46 points), the probability of reinforcement corrosion was 5%. However, at 5 points ((3,16), (3,17), (3,18), (3,19), and (3,20)) located above bar No. 3 in the central part of the loggia wall, the values of this parameter were smaller than Est = −200 mV, which indicated a 50% probability of reinforcement corrosion in this area (Figure 5).



The results of the corrosion current density at 27 points located mainly above bars No. 2 and No. 3 did not exceed icor = 2µA·cm−2, which indicates unpredicted or irrelevant corrosion activity of the tested reinforcement. At 21 points (distributed over all three bars), the measured corrosion current density was within the range icor = 2 ÷ 5 µA·cm−2, indicating low corrosive reinforcement activity. However at 3 points above bar No. 1, the corrosion current density was in the range icor = 5 ÷ 15 µA·cm−2, which indicates moderate corrosion activity of this bar and the predicted rate of corrosion was estimated at 68.3 μm·year−1 (Figure 6).



Resistance measurements of concrete cover at 9 points above bar No. 3 (more or less in the middle of the loggia wall height) were in the range Θ = 10 ÷ 20 kΩ·cm, thus showing the average probability of reinforcement corrosion in this area, but in all other points the values of this parameter were lower than Θ = 10 kΩ·cm, indicating a high probability of corrosion (Figure 7).




3.3. The Analysis of the Concrete Phase Composition


The analysis of the phase composition of the concrete sample were carried out in order to determine the chemical composition of the damaged concrete cover and to identify the causes of reinforcing steel corrosion. The results of this analysis are shown in Figure 8. The dominance of reflections originating from aggregate (which probably could not be separated to a sufficient precision), i.e., quartz and calcite and weak reflections from feldspars, were observed. The presence of calcite may be the result of the reaction between portlandite and carbon dioxide in the carbonation process. The carbonation process can also be demonstrated by the absence of reflections from portlandite on X-ray images. Transitional products generated in the carbonation process were not observed. In addition, the gypsum reflex may indicate sulphate corrosion. The gypsum could also be a component of admixtures used during the manufacturing of the precast element from which a concrete sample was taken [35,36].





4. Summary and Conclusions


The test results analysis indicated that the production errors (mainly significant deviations in the cover thickness in relation to the design data) were the direct cause of damage in the precast loggia wall. Differences in the thickness in a less safe direction of up to 15 mm were probably the main cause of the loggia wall damage in the residential building, which was the place especially exposed to variable environment conditions. The largest damages occurred along bar No. 1, located closest to the outer edge of the loggia and in the layer at the bottom of the slab, i.e., in the areas of the greatest impact of negative external environment factors such as the action of carbon dioxide or moisture and temperature changes, including freezing and thawing cycles in winter. Laboratory tests revealed full carbonation in the analyzed fragment of concrete cover at bar No. 1 which probably initiated in reinforcement corrosion, gradual increase of corrosion products, and partial removal of the concrete cover. Electrochemical measurements confirmed the highest corrosion activity in the reinforcement along bar No. 1 and the resistivity measurements of the concrete cover indicated the highest probability of reinforcement corrosion in this area. The values of stationary reinforcement potential were less consistent with the above results. This indicated the need for the comprehensive tests and the use of different testing methods to verify the results. In addition, the precast concrete elements were often made in specific conditions, as the gypsum compounds were used to accelerate mix setting which may indicate sulphate corrosion.



In summary, it should be noted that the regime of manufacturing precast reinforced concrete elements according to the assumed exposure class is very important.



In the case of manufacturing errors causing the implementation of concrete cover that do not meet the standard requirements for thickness and tightness, it is recommended to use appropriate protective coatings to obtain an element with parameters that meet the durability design assumptions for the given environmental conditions [6,11].
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Figure 1. The analyzed precast reinforced concrete wall. 
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Figure 2. Measuring devices: (a) GP-5000 GalvaPulseTM kit, (b) Ferroscan PS200, and (c) DigiSchmidt. 
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Figure 3. Test reinforced concrete wall, measuring areas: (a) GalvaPulse, (b) Ferroscan, and (c) crack pattern. 
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Figure 4. Image of reinforcement at depths: (a) 1–11 mm, (b) 5–15 mm, (c) 10–20 mm, and (d) 20–30 mm. 
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Figure 5. The results of the measurements of reinforcement stationary potential. 






Figure 5. The results of the measurements of reinforcement stationary potential.



[image: Coatings 09 00702 g005]







[image: Coatings 09 00702 g006 550] 





Figure 6. The results of the corrosion measurements current density converted to the rate of corrosion. 
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Figure 7. The results of concrete cover resistivity measurements. 
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Figure 8. A diffractogram of a sample of concrete taken from loggia wall near point (1–12). Signs: C—Calcite, Q—Quartz, and G—Gypsum. 
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Table 1. Concrete compressive strengths determined from sclerometric tests.
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Nr

	
fci,CUBE [MPa]

	
fcm,CUBE [MPa]

	
Standard Deviations [MPa]

	
Coefficient of Variation ϑ [%]






	
1

	
41.8

	
39.6

	
5.1

	
12.90%




	
2

	
33.8




	
3

	
47.1




	
4

	
35.8




	
5

	
34.6




	
6

	
44.3
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Table 2. Chemical characteristics and yield stress of reinforcing steel [16].
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	Steel Type
	Re [16] (fyk [17]), [MPa]
	C [%]
	Si [%]
	Mn [%]
	P [%]
	S [%]
	Cu [%]
	Cr [%]
	Ni [%]
	Mo [%]





	St3SX
	240
	Max 0.22
	Max 0.07
	Max 1.10
	Max 0.05
	Max 0.50
	Max 0.30
	Max 0.30
	Max 0.30
	Max 0.10



	18G2
	355
	0.15 ÷ 0.22
	0.20 ÷ 0.55
	1.00 ÷ 1.50
	Max 0.05
	Max 0.05
	Max 0.35
	Max 0.30
	Max 0.30
	Max 0.10
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Table 3. Criteria for assessing the degree of reinforcement corrosion risk.






Table 3. Criteria for assessing the degree of reinforcement corrosion risk.





	
Criteria for Assessing the Degree of Reinforcement Corrosion Risk by Use the Galvanostatic Pulse Method




	

	
Reinforcement Corrosion Activity

	
Corrosion Pace; [mm·year−1]






	
On the basis of corrosion current density

	
icor [μA·cm−2]

	
<0.5

	
not forecasted corrosion activity

	
<0.006




	
0.5 ÷ 2.0

	
irrelevant activity corrosion

	
0.006 ÷ 0.023




	
2.0 ÷ 5.0

	
low corrosion activity

	
0.023 ÷ 0.058




	
5.0 ÷ 15.0

	
moderate corrosion activity

	
0.058 ÷ 0.174




	
>15.0

	
high corrosion activity

	
>0.174




	
On the basis of reinforcement stationary potential

	
Est [mV]

	
<−350

	
95% of corrosion probability




	
−350 ÷ −200

	
50% of corrosion probability




	
>−200

	
5% of corrosion probability




	
On the basis of concrete cover resistivity

	
Θ [kΩ⋅cm]

	
≤10

	
high corrosion probability




	
10 ÷ 20

	
medium corrosion probability




	
≥20

	
small corrosion probability
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Table 4. Determined and standard values of concrete cover.






Table 4. Determined and standard values of concrete cover.





	
Measuring Point

	
Concrete Cover [mm]

	
Average Cover [mm]

	
Coefficients of Variation [%]

	
Minimum Standard Concrete Cover by [14] [mm]

	
Required Concrete Cover by [14] [mm]

	
Differences in Concrete Cover [mm]






	
C1

	
5

	
7.3

	
24.24%

	
20

	
25

	
−20




	
C2

	
6

	
−19




	
C3

	
6

	
−19




	
C4

	
7

	
−18




	
C5

	
6

	
−19




	
C6

	
5

	
−20




	
C7

	
9

	
−16




	
C8

	
10

	
−15




	
C9

	
8

	
−17




	
C10

	
8

	
−17




	
C11

	
10

	
−15
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