
Инженерно-строительный журнал, № 6, 2018 
 

Орлович Р.Б., Новак Р., Ватин Н.И., Беспалов В.В. Оценка прочности кирпичебетонных Прусских сводов // 
Инженерно-строительный журнал. 2018. № 6(82). С. 95–102. 

doi: 10.18720/MCE.82.9 

Strength evaluation of the Prussian vaults made from brick 
aggregate concrete 

Оценка прочности кирпичебетонных Прусских сводов 
 

R.B. Orlovich, 
R. Nowak, 
West Pomeranian University of Technology 
Szczecin, Szczecin, Poland 
N.I. Vatin, 
V.V. Bespalov*, 
Peter the Great St. Petersburg Polytechnic 
University, St. Petersburg, Russia 
 

Д-р техн. наук, зав. кафедрой 
Р.Б. Орлович, 
PhD, научный сотрудник Р. Новак, 
Западно-Померанский технологический 
университет Щецина, г. Щецин, Польша 
д-р техн. наук, профессор Н.И. Ватин, 
аспирант В.В. Беспалов*, 
Санкт-Петербургский политехнический 
университет Петра Великого,  
г. Санкт-Петербург, Россия 

 

Key words: masonry structures; compression 
bending element; damaged structures; building 
inspection; masonry vaults; strengthening; 
masonry arches; simulation 

Ключевые слова: каменные конструкции; 
сжато изгибаемые элементы; поврежденные 
конструкции; обследование зданий; каменные 
своды; усиление конструкций; сводчатые 
конструкции 

Abstract. The behavior of Prussian vaults of brick aggregate concrete differs both from the behavior 
of brick vaults and classical flat slabs. Such vaults are particularly susceptible to physical damage and 
deterioration. To determine the real bearing capacity of the vaults, the authors not only performed the in-
situ determination on several sections with deflection control, but also numerical simulations of the multi-
span system of Prussian vaults in the program complex Abaqus. Moreover, experimental comparisons 
between damaged and not damaged vaults were also performed in the historical building of the New 
Holland complex. Obtained results show that, the vaults adjacent to the loaded one exhibit opposite 
behavior and significant damages caused by the loaded one, both of which are useful outcomes for 
evaluation of this vaulting type. 

Аннотация. Поведение прусских сводов из кирпичебетона отличается как от поведения 
кирпичных сводов, так и от поведения классических плоских перекрытий. Такие своды особенно 
чувствительны к повреждениям. Для определения реальной несущей способности сводов были 
проведены натурные эксперименты вырезанных полос сводов с контролем их деформаций. 
Представлена численная модель многопролетной системы прусских сводов, построенная в 
программном комплексе Abaqus. Также представлено экспериментальное сравнение 
поврежденных и не поврежденных сводов, проведенное в историческом здании комплекса Новой 
Голландии. Результаты показывают обратное направление работы сводов, смежных с 
нагружаемым сводом, а также значительное влияние повреждений на деформативность таких 
сводов, что может быть полезным при оценке прочности прусских сводов. 

1. Introduction 
Prussian vaults with embedded steel I-beams began to be used at the end of the 19th century, which 

was the most common solution in construction of slabs for houses till the 1930s. The masonry infill was 
either flat – as in case of Klein’s ceiling (horizontal brickwork, supported on beams), or arched as in case 
of barrel vaults. In addition to masonry techniques, plain and reinforced slabs with ordinary and slag added 
concrete were also applied. We can often find slabs made from recycled brick aggregate mixed with lime 
and lime-cement blend, in historical buildings. The properties of these slabs in terms of good load-bearing 
capacity coupled with high fire and corrosion resistance, low cost and ease of assembly have increased 
their popularity both in housing and industrial buildings [1–5]. Additionally, they have been well appreciated 
from the recycling point of view, which is a famous notion for modern constructions [6]. Span of these floor 
structures can differ from 0.6 to 1.8 meters when designed with suitable thicknesses, where t is equal to h 
for regular slabs, while t can range between 14 to 20 cm when bow i.e. ƒ/L is between 1/6 and 1/12 for 
barrel vaults (Figure 1). Besides these theoretical thicknesses, it is also a known fact that, most of the 
existing floors with this technique are in bad condition and require repairs or replacement.  
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Figure 1. Prussian vaults from brick aggregate concrete 1 – steel beams, 2 – slab, 

3 – barrel vault, 4 – cylindrical vault 
Most common damages in joist floors with steel girders are [7–10]: 

• Corrosion of bottom flanges for steel I beams are frequent especially for basement floors and 
unheated rooms when humidity level is high as well as external slabs exposed to moisture such 
as terraces, balconies and wet cores (Figure 2). Moreover, webs also frequently corrode in these 
conditions, which are only detectable by exposing the whole beam. 

• Cracks on the plaster are also common along the beams caused by load or expansion caused 
by corrosion underneath (Figure 2a), as well as cracks (Figure 2b) and even loss of material from 
the floor surface (Figure 2 c, d). 

a)  b)  c)  d)  
Figure 2. Types of damages in Prussian vaults made from brick aggregate concrete:  

a – corrosion of steel beams, b – cracks, c, d – degradation of the material 
The evaluation of current condition of historical Prussian vaults in buildings depends on experience 

and intuition of the surveyor especially for atypical structures, where incorrect estimation of bearing 
capacity can lead to expensive protective applications and strengthening techniques. Additionally, 
inadequate assessments can result in partial or complete removal and loss of building elements which is 
especially valid for the constructions dated to pre-war period since their designs may not meet modern 
requirements. Consequently, it is either necessary or useful to perform in-situ tests with preliminary loads 
[11]; since the results are more accurate than laboratory tests of cylindrical prism samples and can be used 
as base for evaluating the bearing capacity and serviceability of existing Prussian vaults [12–15]. 

It should be noted that the range of use of Prussian vaults is narrow in terms of geography and time 
period which made their investigation level insufficient even today. The closest option (in terms of geometry) 
is barrel brick vaults [16–19], which are commonly strengthened with composite reinforcement (fiber 
reinforced cementitious matrix or other types of surface polymer strengthening) similar to the Prussian ones 
[20–32]. At this point, selection of correct reinforcement type is dependent on the deformation compatibility 
between the body of the vault and the reinforcing material [33–35]; which is a hard task to determine, due 
to the lack of information about altered behavior of damaged Prussian vaults. 

Consequently, the goal of this study was to determine this behavior and the evaluation of strength; 
which was ensured with numerical modeling and experimental comparison (samples from a historic 
building); and noted with deformation curves on diagrams. 

2. Materials and Methods 
Joist floors can be considered as vaults with span of L and bow of ƒ, supported by steel beams; 

which spread forces (H in Figure 3) due to fixed condition of the supports. Additionally, similar 
computational schema can be used for vaults of the slab when the bow (f) is equal to h/3; where obtained 
results have better correspondence with actual cases for lower L/h values. Lastly, calculations can be done 
for taking bending into consideration while disregarding tension since there is no reinforcement in the 
tension zone.  
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Figure 3. Simplified calculation schema for cylindrical vault 

Bearing capacity of the vault q (kN/m2) under distributed load can be calculated according to 
following equations, as shown in Figure 3: 

• Compressive strength for thinnest cross-section (t) with regard to horizontal reaction (H). (in the 
key zone). 

𝑞𝑞𝑐𝑐1 =
8𝑡𝑡𝑅𝑅𝑏𝑏𝑓𝑓
𝐿𝐿2

 (1) 

• Shear strength with regard to whole height (h) which is the same as the beam. 

𝑞𝑞𝑠𝑠 =
2ℎ𝑅𝑅𝑏𝑏𝑏𝑏
𝐿𝐿 − 𝑏𝑏

 (2) 

• Compressive strength of the zones that support the bottom flanges of beams 

𝑞𝑞𝑐𝑐2 =
(𝑏𝑏 − 𝑠𝑠)𝑅𝑅𝑏𝑏
𝐿𝐿 − 𝑏𝑏

, (3) 

where Rb and Rbt – compressive and tensile strength of the material sampled from the vault; 

b and s – respectively, width of the flange and web thickness of the beam. 

These equations were collected to be used with the test results obtained from an historical building 
in St. Petersburg Russia. This is the building of the complex of New Holland, which is being restored at the 
moment. The building was built in 1779 and was used as a warehouse, and the last 100 years has not 
been exploited. The investigated vaults were installed in 1902 to replace the wooden ceilings. Strength of 
the material drilled in cores from these vaults showed that the critical bearing capacity is shear strength, 
as noted in Equation 2. Test results (from cores, Table 1) indicate that, compressive strength (Rb) is 
12.2 MPa, which corresponds to B12.5 class (according to Russian State Standard GOST 10180-2012 
[36]) and the corresponding tensile strength (Rbt) is 0.66 MPa (according to Russian regulations and rules 
SP 63.13330.2012 [37]). 

Table 1. Сore test results 

No. 

Dimensions, 
mm 

h/d 

η₁ 
(from 
GOST 
28570) 

Compressive test 

d h 
load at 
failure 
P, kN 

Core 
compressive 

strength R, MPa 

Core compressive 
strength with η₁ 

R*η₁ MPa 

Average 
compressive 

strength Rb, MPa 

1 140.0 136.0 0.971 1.00 184.24 12.0 12.0 

12.2 

2 140.0 170.0 1.214 1.08 216.19 14.0 15.1 
3 140.0 180.0 1.286 1.10 123.71 8.0 8.8 
4 140.0 168.0 1.200 1.08 143.88 9.3 10.1 
5 140.0 173.0 1.236 1.08 78.30 5.1 5.5 
6 140.0 181.0 1.293 1.10 192.65 12.5 13.7 
7 140.0 142.0 1.014 1.00 199.37 12.9 12.9 
8 140.0 155.0 1.107 1.04 382.66 24.8 25.8 
9 140.0 142.0 1.014 1.00 71.58 4.6 4.6 

10 140.0 124.0 0.886 0.96 115.30 7.5 7.2 
11 140.0 135.0 0.964 1.00 261.59 17.0 17.0 
12 140.0 140.0 1.000 1.00 224.60 14.6 14.6 
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Compressive and tensile strengths obtained from core samples can be used in the equations 1-3 for 
the calculation of overall strength for vaults in question. On the other hand, values calculated in this manner 
do not reflect real boundary conditions of the vaults especially for the zones close to supports, since there 
are probable damages occurred during long operation time, cracks, material degradation, etc. Therefore, 
the authors of this study performed in situ tests on 5 slabs with 50 cm width (b) cut out from the vaults 
between beams; including well preserved and damaged sections, as explained in Figures 5 and 6.  

    
Figure 4. The structure of the brick aggregate concrete vaults and core samples in the 

compressive test 

a) b)  
Figure 6. Test bench: 1 – steel beams, 2 – Prussian vault with brick aggregate concrete, 3 – 

spacer, 4 – dynamometer, 5 – hydraulic actuator, 6 – cross-arm, 7 – steel cables, 8 – cutting joint 
Load was applied by hydraulic actuator as shown in Figures 6 and 7, the deflections of the sections 

were measured in the mid-span (L/2) and the widths of existing as well as new cracks were also noted. 

 
Figure 7. Test setup during the process 

3. Results and Discussion 
It must be mentioned that in accordance with Figure 3 the equation 1 is not accurate because it does 

not include the bending moments which are crucial especially for concentrated loads such as partition walls 
between the beams in the upper story. Therefore, FEM (Finite Element Method) can be preferred for 
accurate determination of stress state, which was used with barrel vaults between 40 cm deep steel I-
beams located at 155 cm interval, for the scope of this study. Additionally, minimum height (near the key) 
was assumed to be 14 cm, where the calculations were performed with 20 kN/m3 own weight (q) and 10 
kN/m distributed load (P, 12 cm thick 3.5 m. high, plastered masonry partition wall) in the center line of the 
vault parallel to the beams (i.e. concentrated load in this flat model), as shown in Figure 8. 
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Figure 8. Calculations for the own weight (q) and concentrated load (P):  

deflection in the scale 1000:1 (a), stress distribution, compression (b) and tension (c) 
Defined loading condition results in tensile stress below the structure for the loaded vault while 

opposite case appears for the adjacent ones i.e. tension occurs on top; since horizontal reaction (H, 
Figure 3) converts model into a multi-span system, as shown in Figure 8.  

Maximum tensile stress (σ) calculated from model in Figure 8c is 0.7 MPa which is quite close to the 
strength value from core samples (Rbt) i.e. 0.66 MPa. On the other hand, material resists up to 12.2 MPa 
compression while only 0.8 MPa stress occurred under this loading, which states that 10 kN/m for this 
system is much lower than the one for failure state. 

Figure 9 shows the measured correlation between load and deflection “P-μ” for chosen vault 
sections. It was experienced that cracked vaults resulted in lower stiffness than non-damaged ones as 
expected (approximately twice lower according to the diagram). Additionally, applying and releasing 40 kN 
concentrated load made system exhibit elastic behavior, while it became brittle after this limit and cracks 
appeared. 

 
Figure 9. Experimental tests curves „load-deflection”: 1 – four non-damaged vault results  

(Figure 6a), 2 – one damaged vault (Figure 6b) 
After applying 10 and 40 kN loads discussed above, 60kN was also experienced on these actions 

which did not also cause destruction. Consequently, although the structure exhibited a significant bearing 
capacity; the repairing alternatives can still be required as follows [9, 10]: 

The durability of the vaults should be provided considering the operating conditions of the cellar. The 
load-bearing capacity should be improved. The vaults should be well isolated from high humidity levels and 
temperature changes especially in basement floors. Corrosion of supports in vaults should be prevented 
or at least the continuity should be limited as much as possible. Preparing an easy access for future repairs. 
Often the access is limited due to existing sanitary, running water and electric wiring systems. 
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Depending on the type and extent of damages of the vault there are several repair solutions. 

Implementation of strain relief reinforced concrete slab supported directly on the upper flanges of 
steal I-beams and vault sections; reinforcement of the vault soffit with steel grids covered with cement-lime 
mortar with throwelled finish; reinforcement of the vaults soffit with Fiber Reinforced Cementitious Matrix 
(FRCM) materials. The solution requires putting non-organic mortar on a previously prepared surface with 
simultaneous embedding of the composite mesh. Later the finishing layer of mortar is placed [38–40]. 

4. Conclusions 
The Prussian vaults made from recycled brick aggregate are prevalent in historical buildings, though 

the current condition of the vaults raise doubts about their structural reliability. On the other hand, 
determination of bearing capacity and probability of cracks is not very complex when numerical methods 
are used with mechanical properties obtained from samples. Additionally, in situ determination gives more 
accurate results for damaged vaults since they can exhibit unexpectable unique behaviors. Based on the 
findings of this study; the following conclusions can be drawn: 

1. Prussian vaults operate as continuous beam, where loaded one exhibits compression on top and 
tension at bottom, while adjacent ones demonstrate the opposite behavior i.e. tension on top and 
compression at bottom. The success of this behavior is highly dependent on the adhesion of concrete vault 
and metal beams; which needs further investigations because at the moment, this dependence is not 
investigated, and it is not included in the regulations; 

2. Experimental results presented that the vaults demonstrate non-linear deformation 
characteristics starting from first loading seconds. It can be caused by the particularities of the structure of 
brick aggregate concrete and possible minor damage of all vaults; 

3. Although the load-carrying capacity were almost the same for damaged and undamaged vaults; 
damaged wall exhibited greater deformability. 

Lastly, further researches can be conducted on strength determination of Prussian vaults with 
various damages caused by moisture, settlement, defrosting, etc. as well as the relation of strength and 
deformability with alternative recycled brick-cement mixture ratios. 
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