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Abstract 
Reinforced concrete buildings are frequently damaged by cracks, spalling and corroded 

reinforcement bars. The present article focuses on the damage analysis of one of the first 
buildings in Berlin that was constructed using reinforced lightweight concrete, which makes it 
historically important. The compressive strength, carbonation depth, location and diameter of 
reinforcement bars as well as moisture and salt profiles were determined. The carbonation-
induced corrosion of the reinforcement bars represented the main damage of the building. 
Certified repair mortars with lightweight aggregates (LWA) do not exist on the German 
market. Therefore, an appropriate repair mortar was developed in accordance with DIN EN 
1504 and the German guideline for the repair and protection of concrete structures (RL-SIB).  

On the one hand, historic preservation requirements, such as: colour of the mortar, 
possibilities of surface patterning, maximum preservation of the original substance and 
reversibility of any intervention must be met. On the other hand, technical requirements of the 
relevant standards must be achieved. The developed mix was designed to resist the identified 
causes of deterioration. Thermal strains within the repair mortar and between the repair 
mortar and the substrate influence the crack formation and thus the durability. Therefore, 
special attention was paid to the bonding and shrinking behaviour of the concrete repair 
system. By using polymers, both hardened mortar properties and durability were influenced 
positively.  
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1. INTRODUCTION 
The history of the lightweight concrete began about 2,000 years ago, when the Roman 

architects built the dome of the Pantheon in Rome in Opus Caementitium. They applied 
Roman concrete with a density of 1350-1750 kg/m³ [1]. Even today, the lightweight concrete 
is used in different types on a wide scale. Lightweight concretes can either be lightweight 
aggregate (LWA) concrete, foamed concrete or autoclaved aerated concrete (AAC). Such 
lightweight concrete blocks are often used in house construction as they provide an excellent 
thermal insulation and a healthy indoor climate. The present article focuses on the damage 
analysis of a historically building that was constructed using structural lightweight concrete. 
The special feature of this building is the fair-faced concrete façade. It is designed as board 
formed concrete, which is the name for a process that leaves an imprint of the wood formwork 
on the final surface of the concrete. Considering the special building situation and existing 
damages, a repair mortar with adapted mechanical, chemical and optical characteristics 
(colour, surface pattern) was developed adapting the requirements of the German guideline 
for the repair and protection of concrete structures (Richtlinie Schutz und Instandsetzung von 
Betonbauteilen – RL-SIB) 
 

 
Figure1: Listed Building made of structural lightweight concrete 

2. STRUCTURAL INSPECTION 
A professional planning forms the basis of a durable repair concept. The determination of 

both the damage and the causes of damage are required for further steps. Therefore, 
destructive and non-destructive testing methods were applied for the structural inspection. In 
listed buildings, non-destructive test methods should have priority. Therefore, after the visual 
inspection, first the concrete cover, location and diameter of reinforcement bars and capillary 
water absorption by Karsten were determined. Furthermore, a potential mapping was 
performed to detect possible corrosion spots. However, the non-destructive testing must be 
validated and complemented with destructive methods such as determination of compressive 
strength, density, carbonation depth, identification of concrete composition, as well as 
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moisture and salt profiles. The results of the destructive and non-destructive testing are 
summarized in Table 1. 
 
Table 1: Results of the building inspection [4] 

Test methods Standard/Guideline Minimum Maximum 
Compressive strength 
(cores Ø 50 mm) 

DIN EN 12504-1 
DIN EN 12390-3 34,3 N/mm² 45,0 N/mm² 

Concrete density DIN EN 12390-7 1,47 kg/dm³ 2,19 kg/dm³ 
Concrete cover 
(Profometer 5) - 23 mm 58 mm 

Carbonation depth DIN EN 14630-1 2 mm 40 mm 
Surface tensile strength  RL-SIB 1,36 N/mm² 3,07 N/mm² 
Chloride content* Issue 401 DAfStb 0,03% by mass 0,48% by mass 
Capillary water absorption 
by Karsten test tubes - 0 cm³/min 0,027 cm³/min 

Moisture content 
(drilled concrete dust) DIN EN ISO 12570 2,49% by mass 10,67% by mass 

*chloride content in % by mass, based on 15% by mass cement content in the concrete 
 

The lightweight concrete of the examined building has a maximum aggregate size of dmax = 
16 mm and the grading curve matches the grading curve B16 according to DIN 1045-2. 
Expanded clay was used as coarse aggregate. Based on the compressive strength results, the 
substrate can be classified according to EN 13791 as LC 35/38 and density class D1,6 
according to EN 206. 

As shown in Figures 2a-c the carbonation-induced corrosion of the reinforcement bars, 
spalling concrete and rock pockets are the major damages. The most severe damages occur 
due to inadequate local concrete covering.  

 

   
Figure 2: a) corroded reinforcement; b) rock pockets; c) cracks, spalling concrete 

a) b) c) 
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3. MORTAR DEVELOPMENT 
Any repair work must be tailored to the building and the deterioration of the building. In 

Germany, there is no repair mortar available that uses lightweight aggregates. Therefore, a 
suitable polymer modified repair mortar (PCC) with LWA (expanded clay) was developed 
that meets the requirements of DIN EN 1504 [2] and the German guideline for the repair and 
protection of concrete structures (RL-SIB) [3]. Furthermore, the fresh mortar properties have 
to be adapted to the needs of the restorers. Considering both requirements defined by the 
relevant standards and practical needs determined by the architect and the restorer, the 
following requirements were defined: 

• Applicability on vertical surfaces 
• High plasticity and good modelling behaviour 
• Long workability time 
• Good bonding properties 

 
The special feature of the developed mortar is the use of expanded clay which is a porous 

material with high water absorption. This factor must be considered in the mix design. 
Depending on the water absorption, the required quantity of absorbed water must be added to 
the mixing water on site in order to meet the water requirement of the mix design. In the 
laboratory, the amount of absorbed water (8.5% by dry mass of expanded clay) was added to 
the expanded clay. After 10 minutes, the remaining ingredients were added to the prewetted 
LWA and mixed. The consistence was assessed using the flow table test according to 
Hägermann (DIN EN 1015-3). The range for the aimed consistency was set to a spread of 130 
–140 mm.   

Besides requirements on the fresh mortar, further requirements on the hardened mortar 
were defined that are mainly based on requirements given in RL-SIB as well as the material 
properties of the lightweight concrete of the existing building. The following parameters were 
defined for the present case: 

 
• Medium mechanical strength that is comparable to the strength of the substrate 
(compressive strength of about 35 N/mm²) 
• Low shrinkage 
• High carbonation resistance 
• High frost resistance 

3.1 Mix design 
In the first instance, a basic mix design M1 was developed that meets the required fresh 

and hardened mortar properties as described before. The mix design of the basic mix M1 is 
based on the idea of optimized particle packing, as the fresh and hardened mortar properties 
are affected substantially by the grading of the designed mix. The mix design tool developed 
by [5] was used to optimize the grading of the developed repair mortar. This mix design tool 
considers the entire grading of all solid ingredients to find the optimum composition of 
aggregates, binders, and filler materials. In the next step, the shrinkage of the repair mortar 
was optimized to prevent large deformations of the repair mortar which will show a negative 
effect on the adhesion strength and the durability of the repair mortar. The shrinkage of 
cementitious materials can be influenced by the mix design and the addition of concrete 
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admixtures. For this purpose, the influence as well as the interaction of a shrinkage reducing 
admixture (SRA) and ethylene-vinyl acetate copolymers (EVA) was investigated in detail. 
The EVA was used in concentrations of 1.5 and 3.0% based on the weight of cement (mix M2 
and M3). The SRA was added in concentrations of 4.0 and 6.0 % based on the weight of 
cement (mix M4 and M5). The final mix design M6 contains a combination of both concrete 
admixtures. Both SRA and EVA were added as powder. The remaining ingredients, such as 
cement, fly ash and limestone powder were kept constant. The water-cement ratio was 0.4 in 
all mixtures (see Table 2). 

The shrinkage measurements were performed according to the specifications given in DIN 
52450. Mortar prisms with a dimension of 40 x 40 x 160 mm³ were cast with measuring taps 
type 1. The cast samples were stored at 95% relative humidity for 24 hours. After 24 hours, 
the prisms were stripped from the mould and stored at standard climate (23 ± 2) °C, (50 ± 2) 
% relative humidity. Shrinkage measurements were performed up to 91 days. 

 
Table 2: Mix designs of mortars used for shrinkage measurements 

 M1 M2 M3 M4 M5 M6 
Cement type CEM I 42,5 N 
Cement content [kg/m³] 500.0 500.0 500.0 500.0 500.0 500.0 
Limestone powder [kg/m³] 40.0 40.0 40.0 40.0 40.0 40.0 
Fly ash [kg/m³] 60.0 60.0 60.0 60.0 60.0 60.0 
EVA [% bwoc] - 1.5 3.0 - - 1.5 
LWA [kg/m³] 227.6 227.6 227.6 227.6 227.6 227.6 
Sand (0-1) [kg/m³] 798.2 798.2 798.2 798.2 798.2 798.2 
SRA [% bwoc] - - - 4.0 6.0 6.0 

bwoc: Based on the weight of cement 
 
 

  
Figure 3: a) measured shrinkage for varying concentrations of the copolymer used;  

b) measured shrinkage for varying concentrations of the shrinkage reducing admixture used  
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Based on the results of the optimized grading of mix M1 and the results of the shrinkage 
optimization the mix design of the final mix was developed (see Table 3 and Figure 4). The 
developed PCC lightweight mortar was subjected to tests required by RL-SIB that are part of 
part of an initial assessment. The results of the corresponding tests are discussed in the 
following sections. 
 
Table 3: Mix proportioning per m³ mortar of the final mix  

Material Mass [kg] 
Cement 485.2 
Limestone powder 38.8 
Fly ash 58.2 
Sand 0.1/0.5 570.5 
Sand 0.5/1.0 204.0 
LWA 1.0/4.0 220.8 
Plasticizer 5.8 
EVA 7.3 
SRA 29.1 
Water 194.1 
Absorbed water 18.77 
Total 1832.6 
  

 
Figure 4: Grading of the materials used, target line and final mix 

3.2 Fresh mortar properties 
There are no quantitative requirements on the fresh mortar properties described in RL-SIB, 

as the consistency of the repair mortar and related fresh mortar properties depend mainly on 
the needs of restorers and the building situation. However, some basic properties of the fresh 
mortar were determined and are listed in Table 4. 
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Table 4: Comparative overview of fresh mortar properties of a M2 mortar according to 
RL-SIB and the developed PCC lightweight mortar 

Property Requirement RL-SIB Actual value 
Consistency (Flow table test) -1 136 mm 
Air void content -1 7,9 Vol.-% 
Fresh mortar density -1 1,79 kg/dm³ 

1: No quantitive requirements imposed 

3.3 Hardened mortar properties 
The requirements of the RL-SIB to the hardened concrete are aiming for a durable repair. 

However, these requirements apply only for the repair of conventional concrete with standard 
aggregates. In the present case, LWAs were used in the repair mortar in order to meet the 
defined requirements. Furthermore, a main task of the mortar development was to adapt the 
strength of the repair mortar to the properties of the substrate concrete in order to avoid shell-
like flaking that reduces the durability of the concrete repair. Both compressive strength and 
modulus of elasticity are lower for lightweight concrete than for conventional structural 
concrete. Therefore, not all requirements listed in Table 5 and that are described in RL-SIB 
are fulfilled. 
 
Table 5: Comparative overview of hardened mortar properties of a M2 mortar according to 
RL SIB and the developed PCC lightweight mortar 

Property Requirement RL-SIB Actual value 
Hardened mortar density -1 1,70 kg/dm³ 
Flexural tensile and compressive 
strength (Storage A) 

ßFT,90 ≥ 0,70 ßFT,90 (Storage B) 
ßC,90 ≥ 0,70 ßC,90 (Storage B) 

6,7 ≥ 0,7x6,3 
44,3≥0,7x39,3 

Flexural tensile and compressive 
strength (Storage B) 

ßFT,28 ≥ 8 N/mm² 
ßC,28 ≥ 45 N/mm² 

6,1 N/mm² 
37,0 N/mm² 

Swelling (Storage A) εq ≤ 0,30‰ after 28d 0,12‰ 
Shrinkage (Storage B) εs ≤ 0,90‰ after 28d 0,74‰ 
Static modulus of elasticity -1 18134 N/mm² 
Dynamic modulus of elasticity 25 kN/mm² ≤ Edyn ≤ 40 N/mm² 19532 N/mm² 
Adhesive strength 90d (Storage A) ßAS ≥ 2,0 N/mm²  2,81 N/mm² 
Adhesive strength 7d (Storage B) ßAS ≥ 2,0 N/mm² 2,05 N/mm² 

1: No quantitive requirements imposed 
Storage A: 24h humid, than water storage 
Storage B: 24h humid, than standard climate (23 ± 2) °C, (50 ± 2) % rel. hum. 

4. DISCUSSION 
Increasing additions of EVA increased shrinkage of the developed basic mix M1 

(Figure 3a). The absolute changes in length are even higher than for the basic mix M1. The 
requirements of RL-SIB allow a maximum shrinkage of 0.9‰ after 28 days. This value is 
obtained neither from the basic mixture nor the mixtures M2 and M3 with EVA in different 
concentrations.  
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An opposite trend was observed for the samples with SRA. Here, the addition of SRA with 
a concentration of 4% based on the weight of cement (mix M4) reduced the shrinkage 
(Figure 3b). But this mortar does also not meet the requirements of the RL-SIB on the 
allowed shrinkage. The requirement of the RL-SIB was achieved only by the highest addition 
of 6% SRA (mix M5). The combination of both admixtures, EVA and SRA, has a beneficial 
effect as the lowest shrinkage deformation was obtained with the addition of 1.5% EVA and 
6% SRA (mix M6). Due to the combination of EVA and SRA, the requirement of the RL-
SIB, which allows a maximum shrinkage of 0.9‰ after 28 days, was fulfilled and a stable 
value of the total shrinkage was obtained that does not exceed a value of 0.9‰ after 91 days.  

Further durability tests such as freeze thaw resistance (CF test according to 
CEN/TS 12390-9), adhesive strength after thunder shower simulation (RL-SIB part 4 § 2.7.7), 
adhesive strength after frost-deicing salt stress (RL-SIB, part 4 § 2.7.4) were performed will 
be discussed elsewhere. 

5. CONCLUSIONS 
The damage and the causes for the deterioration of a listed building were investigated. The 

examined building ismade of structural lightweight concrete and has a unique façade that is 
designed as board formed concrete. The carbonation-induced corrosion of the reinforcement 
is the main cause of the damages. As there is no certified repair mortar with lightweight 
aggregates available on the German market; a polymer modified repair mortar was developed 
in accordance to DIN EN 1504 and RL-SIB. The existing German standards and guidelines 
for concrete repair cannot be applied to present case without additional modifications. 
Therefore, the mechanical properties of the developed repair mortar were adapted to the 
existing structure. In this paper the influence of admixtures on the shrinkage behaviour was 
investigated in detail. The results show that the interaction of concrete admixtures has a 
beneficial effect on the shrinkage. 

In summary, it should be noted that the workmanship of repair is an important issue. 
Therefore, the maintenance planning for listed buildings requires close cooperation and 
coordination of experts in concrete technology, conservators, art historians and public 
authorities[6]. 
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