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Application of the Critical Shear Crack Theory
for calculation of the punching shear capacity
of lightweight aggregate concrete slabs
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Abstract: The paper discusses the principles of the Critical Shear Crack Theory (CSCT) in terms of the
punching shear analysis of flat slabs made from lightweight aggregate concretes. The basic assumptions
of the CSCT were discussed, explaining the differences with regard to the calculation of ordinary
concrete flat slabs, relating mainly to the adopted failure criterion associated with ultimate slab rotation.
Taking into account the observations and conclusions from the previous experimental investigations,
it was confirmed, that contribution of lightweight aggregate particles in the aggregate interlock effect
should be ignored, due to possibility of aggregate breaking. However, the analysis of the profile of failure
surface confirmed, that particles of the natural fine aggregate increase the roughness of the surface and
should be included by formulating failure criterion for LWAC slabs.

The theoretical load-rotation relationships were compared with the results of measurements, con-
firming good agreement in most cases. The theoretical ultimate rotations were lower on average by
about 11% than the experimental ones. The analysis of 57 results of the experimental investigations on
punching shear of LWAC slabs made from various types of artificial aggregates showed a very good
agreement with predictions of the CSCT. The obtained ratio of the experimental to theoretical load
was 1.06 with a coefficient of variation of 9.1%. The performed parametric study demonstrated a low
sensitivity of the correctness of the CSCT predictions to a change in a fairly wide range of parameters
such as: the longitudinal reinforcement ratio, concrete compressive strength and concrete density.
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1. Introduction

One of the most important considerations when designing flat slabs is analysis of the
punching shear resistance within support zones. This issue becomes particularly important
in case of structures made of lightweight aggregate concretes (LWAC), which, despite
their undoubted advantages, such as lower specific gravity or better insulation properties,
are characterized by lower tensile strength compared to ordinary concretes of similar
compressive strength. Depending on the type of lightweight aggregate used, this difference
reaches from about 10 to even more than 30% [1-3]. Contrary to the existing standard EN
1992-1-1 [4] which includes semi-empirical formulas for calculating the punching shear
resistance, in fib Model Code 2010 [5] and prEN 1992-1-1 [6] procedures the mechanical
approach according to the Critical Shear Crack Theory (CSCT) was adopted. According
to this theory, the tangential crack, initially formed as a result of bending, transforms into
an shear crack due to the action of shear forces and gradually propagates inside the slab.
Formation of this diagonal crack disrupts direct transmission of forces through the concrete
strut [7]. Then, the mechanism of shear transfer becomes dependent on the aggregate
interlock effect, the residual tensile strength of the concrete, the shear band mechanism
and the dowel action of the longitudinal reinforcement [8]. The punching shear resistance
is related to deformation capacity, expressed in case of slender slabs by the rotation . The
load carrying capacity was expressed as the point of intersection of the curves describing
load-deformation relationship (red line) and the failure criterion corresponding to punching
shear (black line) — Fig. 1.

flexural capacity

flexural cracks aggreagte interlock and

residual concrete strength

Load V

Rotation y

Fig. 1. Determination of the punching shear capacity according to the CSCT principles

2. Theoretical principles of the CSCT

2.1. Load-rotation response

In the support zones of flat slabs it comes to a concentration of forces resulting from
bending and shear. Taking into account the previous conclusions of Kinnunen and Nylan-
der [9], in the physical model adopted in the CSCT, the slab rotation i was assumed as
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a parameter describing the deformations in the shear zone, which can be expressed as the
integral of the slab curvature in this area. The analytical load-deformation relationship was
developed on basis of the equilibrium conditions of the separated slab segment, assuming
the moment-curvature relationship describing the slab behaviour. For design purposes,
Muttoni [7] proposed a simplified equation expressing the relationship between load V and
slab rotation . After transformations, this function can be expressed in the following form

1 dE\?
@.1) V() = min wﬁﬁf_y Vitex
1.0

where: i — the slab rotation, k,, — factor equal to 1.2 for refined estimation of the physical
parameters and 1.5 in general case, d — the effective depth, r — the distance between line of
contraflexure and axis of the column, £ — the modulus of elasticity, f, —the yield strength,
Viex — the flexural capacity.

The fib Model Code 2010 [5] procedure does not clearly distinguish the principles
of punching shear design of lightweight aggregate concrete slabs, as is in case of the
existing standard EN 1992-1-1 [4], in which additional reduction factors, depending on
the concrete density, were introduced. Lightweight structural concretes of 1.8 and 2.0
density classes are characterized by a modulus of elasticity lower by about 20+30% than
ordinary concretes with the same compressive strength. The procedure [5] assumes that the
deformations of a cracked slab are primarily related to the cross-section and the longitudinal
reinforcement. Thus, the equation (2.1) should describe load-rotation of both ordinary and
lightweight aggregate concrete slabs. This assumption seems to be confirmed by the results
of the experimental investigations on flat slabs with the same shape and reinforcement,
but made from different concretes. Figure 2 shows the experimental load-deflection curves
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Fig.2. Comparison between deflections of the slabs from ordinary and lightweight aggregate concrete:
a) results from [10], b) results from [11]
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describing behaviour of slabs considered in the study of Youm et al. [10]. The specimens
with a thickness of 200 mm and a relatively low reinforcement ratio p; = 0.34% were made
from ordinary concrete with crushed granite aggregate (N-GR-C), lightweight concrete with
shale coarse aggregates with crushed shapes (L-SH-C) and lightweight concrete with clay
coarse aggregates with spherical shapes (L-CL-S). The concretes were characterized by
a compressive strength of 34.2+40.6 MPa. It can be seen that the course of the curves
is similar, although deflection of the ordinary concrete slab at the same load level was
on average about 10% lower. The results of measurements carried out by Caratelli et
al. [11], including slabs from ordinary concrete (OC) and concrete with the addition of
expanded clay aggregate (0+15 mm) replacing about 75% of natural coarse aggregate (L-
MSW), characterized by the same reinforcement ratio p; = 1.05% and almost identical
concrete compressive strength fo,, = 57.6+58.6 MPa, also indicate similar behaviour of
both elements.

2.2. Failure criterion

The failure criterion is described by a semi-empirical formula, which combines the
punching shear capacity with width of the diagonal crack related to the slab rotation .
The original equation introduced by Muttoni and Schwartz [12] has been modified in order
to account for effect of the aggregate on the punching shear resistance. The size of the
particles affects the roughness of the failure surface. Therefore, with the same crack width,
a more pronounced effect of aggregate interlock, responsible for the transfer of shear stress,
should be expected in case of concrete containing aggregate particles of larger size. The
punching shear resistance is given by the following formula

0.75+/f.
2.2 Vr(Y) = Vi

NI pd
1+ 15¢d/dgg °

where: f. — concrete compressive strength, ¢ — the slab rotation, d — the effective depth,
dgq — parameter describing roughness of the crack, bo — length of the control perimeter at
the distance of d/2 from the column edge.

The parameter d 4, in the expression (2.2) describes the roughness of the crack surface,
which depends on the maximum size of the aggregate particles used in concrete. As stated
by the authors of the papers [8, 13], when determining the d4, parameter, it is reasonable
to take into account the influence of concrete compressive strength. This results from the
limited aggregate interlock effect in case of high-strength concrete due to breaking and
crushing of the aggregate particles [14]

2
2.3) dag = 16+ d - min {(601/50) } < 40 mm

where: d, — the maximum aggregate size, f. — concrete compressive strength
A similar problem occurs in lightweight concrete, where the aggregate is the weakest
component of the composite. Contrary to ordinary concrete, where cracks form at the
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interface between the aggregate particles and cement paste, in lightweight concrete breaking
of the aggregate particles occurs. This results from a limited crushing resistance of the
lightweight aggregate. As a result, the shear surface is characterized by a relatively low
roughness, which results primarily from the contribution of natural aggregate particles — if
such an aggregate is present. Figure 3 shows the fracture surfaces of ordinary concrete and
lightweight aggregate concrete of the density class 1.8. In both concretes, natural sand of the
0-+2 mm graining was used as fine aggregate, while the coarse aggregate of the 2+8/9 mm
graining was granite grit (Fig. 3a) or “Certyd” lightweight aggregate manufactured in the
process of fly ash sintering (Fig. 3b).

Fig. 3. View of the breakthrough surface: (a) concrete with natural crushed aggregate, (b) concrete
with granulated lightweight aggregate

The effect of the particle size d,, which determines the interlock effect, is illustrated
on the example of the punching shear capacity of a 200 mm thick slab made of concrete
with a compressive strength fi., = 47.9 MPa — see Fig. 4. Curves describing the failure
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Fig. 4. Effect of the particle size on failure criterion and punching shear capacity



www.czasopisma.pan.pl P N www.journals.pan.pl
Y

60 M. GOLDYN

criterions for different aggregate particle sizes d, ranging from O (corresponding to no
interlock due to aggregate crushing) to 16 mm were marked with grey and black. The
punching shear capacities were determined by considering the intersection of successive
curves with the load-rotation curve (red line), which is independent from properties of the
aggregate.

Figure 5 shows the change in the punching shear capacity resulting only from the
aggregate interlock effect. In the case under consideration, a change in size of the natural
aggregate particles from 2 to 16 mm should translate into an increase in the punching shear
capacity by about 17%. The omission of natural aggregate in the calculations (which is
proposed in the design procedures [5] and [6] based on the CSCT) would result in a slight
reduction of the theoretical punching shear capacity by about 3.5%.
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Fig. 5. Effect of particle size on punching shear capacity

3. CSCT in the light of experimental investigations

3.1. Load-rotation response and failure criterion

In order to verify the assumptions related to the limitation of the aggregate interlock
contribution, the principles of CSCT were verified in the light of authors’ investigations,
discussed in more detail in [15-17]. They concerned flat slabs with a thickness of 200 mm
and dimensions of 2400 x 2400 mm in plan, made of lightweight concrete with “Certyd”
aggregate. This aggregate is a product of fly ash sintering, which is a by-product of hard
coal combustion in fine coal boilers in heat and power plants. It is characterized by a bulk
density of 700900 kg/m? (depending on the fraction), crushing resistance above 6 MPa
and water absorption after 24 h of about 20%. It allows for production of lightweight
structural concretes of 1.8 and 2.0 density classes according to EN 1992-1-1 [4] and
compressive strength classes LC20/22-+LC35/38.

All the specimens had the same shape, but different longitudinal reinforcement. De-
pending on the test series, the longitudinal reinforcement ratio p; ranged from 0.49
to 1.73%. The elements were made from concrete with a mean compressive strength
Sfiem = 47.9+52.1 MPa. The theoretical load-rotation curves were determined according to
equation (2.1), including the flexural capacity Vyex calculated according to yield line theory
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(Elstner and Hognestad [18]). These curves were marked with red in Fig. 6. Blue lines rep-
resent the actual load-rotation behaviour and were calculated according to measurements
of deformation carried out during the tests.
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Fig. 6. Load-rotation curves and failure criteria for slabs with various longitudinal reinforcement

A very good agreement between both theoretical and experimental curves can be noticed
in case of slabs with the reinforcement ratio p; = 0.86+1.32%. With regard to the LC-0.47-
0 specimen (p; = 0.49%), the theoretical rotations at a given load level were up to 50%
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higher than the measured ones. On the other hand, in case of LC-1.75-0 slab (p; = 1.73%)
the rotations recorded during the test turned out to be higher by about 20+25%.

The curves describing the failure criterion according to equation (2.2) were marked
with black in Fig. 6. The intersection of both red and black curves designates the theoretical
punching shear failure. Due to the observed breaking of the lightweight aggregate particles
(see Fig. 7), in the calculations only size of the natural aggregate (sand) was taken into
account.

Fig. 7. View of the opened critical shear crack with broken aggregate particles

Figure 8 compares the ultimate rotations recorded immediately before failure of the
slabs and values resulting from calculations according to CSCT. It can be seen that the
theoretical values were generally lower than the actual ones by a maximum of 24.9% (on
average by about 11%). This difference was not found to be dependent on the longitudinal
reinforcement ratio. Despite the differences in the ultimate rotations defining failure, the
theoretical punching shear capacities resulting from the failure criterion (2.2) turned out to
be very close to the experimental loads. The mean ratio of the experimental to theoretical
load capacity Vexp/Veale of 1.10 was obtained with a coefficient of variation of 6.3%. The
analysis demonstrated then the usefulness of CSCT for the assessment of the punching
shear capacity of flat slabs made from lightweight concrete with “Certyd” aggregate.
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Fig. 8. Comparison between experimental and theoretical rotations of the slabs at failure
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3.2. Load carrying capacity

In order to evaluate the CSCT in relation to the slabs made from concrete with also other
types of lightweight aggregates, 57 results of the previous experimental investigations were
analysed. Apart from the authors’ investigations, the following research were included:

— Youm et al. [10] — 4 slabs with thickness of 200, 280, 300 mm and dimensions of
2500 x 3000 mm in plane; four different types of lightweight aggregate were used:
shale coarse aggregate with crushed shapes (L-SH-C), clay coarse aggregate with
spherical (L-CL-S) or partially crushed shapes (L-CL-C) and slate coarse aggregate
with crushed shape (L-SL-C), thoroughly cleaned sea-sand as natural fine aggregate
of fineness modulus equal to 2.83;

— Caratelli et al. [11] — 1 slab with thickness of 200 mm and dimensions of 2400 x
2400 mm in plane; structural expanded clay aggregate LECA (0+15 mm), sand
(0+4 mm) and coarse aggregate (2+16 mm) were used;

— Sun-Kyu et al. [19] — 2 slabs with thickness of 220 mm and dimensions of 2000 x
3600 mm in plane; lightweight aggregate made by sintering of fly ash, stone powder
sludge and clay was used;

— Tomaszewicz [20] — 6 slabs with thickness of 120, 240, 320 mm and dimensions of
3000 % 3000, 2600 x 2600, 1500 x 1500 mm in plane; lightweight aggregate Liapor
manufactured in a process of burning of raw clay in a rotary oven was used — coarse
(4+8, 8+16 mm) and fine (0+8 mm) fractions of the aggregate were included;

— Osman et al. [21] — 4 slabs with thickness of 150 mm and dimensions of 1900 X
1900 mm in plane; lightweight aggregate with a maximum particle size of 19 mm
was used, produced through thermal expansion of slate in rotary kilns;

— Clarke and Birjandi [22] — 26 slabs with thickness of 120 mm and diameter of
1540 mm in plane; natural sand and five different types of lightweight aggregates
were used: sintered pulverized fuel ash (Lytag), pelletized blast furnace slag (Pellite),
expanded clay (LECA), expanded clay (Fibo), expanded shale (Liapor).

— Mizukoshi et al. [23] — 8 slabs with thickness of 100, 150 mm and dimensions of
1000 x 1000 mm in plane; river sand (0+2.5 mm) and artificial lightweight coarse
aggregate from expansive shale (015 mm) were used.

The main parameters characterizing the test specimens as well as the selected results
of the calculations are summarized in Table 1. The experimental load carrying capacities
Veale Were estimated considering an intersection of the curves given by equations (2.1) and
(2.2), obtained at the theoretical ultimate rotation ¥ cqc.

The average ratio of the experimental to theoretical load capacity Vexp/Veae = 1.06
was obtained with a relatively low coeflicient of variation of 9.1%. Figures 9-11 compare
the results of calculations as a function of selected parameters, such as: longitudinal
reinforcement ratio p;, concrete compressive strength fi. and concrete density p. The
equation of the regression line shows that the Viy,/Veale ratio is almost independent on
the reinforcement ratio p;. Only in case of the compressive strength and concrete density,
an increase in the Vexp/Veale ratio resulting from increasing the indicated parameters,
is observed. These changes, however, are not particularly significant and increasing the
compressive strength fic from 10 to 75 MPa results in an increase in the Vexp/Vealc ratio by
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13%. With regard to the density only slight increase in the Vexp/Veale ratio of 9% can be
observed by changing the density p from 1500 to 2100 kg/m?.

Table 1. Details of the test specimens included in the comparative analysis

Test| Specimen [hj/;llia] [l\{ly>a1 ke (9 [nfgm] [Lnig] [mde [‘1/<N13 o Ed\lf] ‘x//_lp
LWA75-1-1 | 69.2 | 500 | 2007 |1.49] 8 | 200|275 | 1600[0.0037]1511.1 1.06
LWA75-2-1 | 703 | 500 | 1999 |1.75| 8 | 150 | 200 | 950 |0.0042]877.0] 1.08
LWA75-2-1D| 74.0 | 500 | 2062 |1.75| 8 | 150 | 200 | 1100 [0.0042|887.0| 1.24

(201" 1 wWA75-23 | 74.1 | 500 | 2035 |2.62] 8 | 150 | 200 | 1150[0.0029|1004.3 1.15
LWA75-2-3D| 74.4 | 500 | 2052 |2.62| 8 | 150 | 200 | 1020 [0.0029]1005.4 1.01
LWA75-3-1 | 68.5 | 500 | 2016 |1.84| 8 | 100 | 88 | 320 |0.0067]230.2] 1.39
HSLWO.5P | 76.1 | 450 | n/d |0.53] 2! | 250 | 120 |263.8]0.0232]266.7] 0.99

oy HSLWLOP [ 734 [ 435 [ wa_[1.10 21 [ 250 | 115 [414.8]0.0144] 3482 1.19
HSLWI.5P | 75.5 | 435 | n/d |1.66] 2! | 250 | 115 |474.3|0.0106|418.1 | 1.13
HSLW2.0P | 74.0 | 435 | n/d |221] 21 | 250 | 115 |518.0]0.0083|465.8 | 1.1

1 20.8 | 4602 | 1800 |0.78| 2 | 140 | 100 |151.0]0.0080] 154.5] 0.98
2 217 | 4602 | 1800 |1.54] 2 | 140 | 98 [187.0]0.0047] 184.9] 1.01
3 28.8 | 4602 | 1800 |1.54| 2 | 140 | 98 |206.0]0.0052]207.0] 1.00
4 274 | 4602 | 1800 |0.78| 2 | 140 | 100 |166.0]0.0090] 169.6] 0.98
03] 5 50.0 | 4602 | 1800 |0.78| 2 | 140 | 100 [203.0]0.0114]205.3] 0.99
6 57.1 | 4602 | 1800 |1.54] 2 | 140 | 98 |259.0]0.0068]266.3 | 0.97
7 206 | 4602 | 2040 | 1.54| 2 | 140 | 98 |208.0]0.0052]209.4] 0.99
8 29.8 | 4602 | 2040 |0.78| 2 | 140 | 100 [171.0]0.0092] 174.3] 0.98
9 233 | 4602 | 2040 |0.78| 2 | 140 | 100 |157.0]0.0084] 160.5] 0.98
10 132 | 4602 | 2040 |0.78] 2 | 140 | 100 [130.0]0.0068| 130.8 | 0.99
11 10.6 | 4602 | 2040 |1.54] 2 | 140 | 98 |148.0[0.0041|134.3] 1.10
12 418 | 4602 | 2040 |0.78] 2 | 140 | 100 [191.0]0.0106] 194.2] 0.98
13 46.6 | 4602 | 2040 |1.54] 2 | 140 | 98 |241.0]0.0063]247.9| 0.97
14 240 | 4602 | 1665 |0.78| 2 | 140 | 100 |159.0[0.0085] 162.2] 0.98
15 239 | 4602 | 1665 |1.54] 2 | 140 | 98 |193.00.0049]192.3] 1.00
16 183 | 4602 | 1665 |0.78| 2 | 140 | 100 |145.0]0.0077|147.5 | 0.98
[22] 17 18.6 | 4602 | 1665 |1.54| 2 | 140 | 98 |178.0]0.0045|173.6| 1.03
18 234 | 4602 | 1510 |0.78] 2 | 140 | 100 |157.0]0.0084] 160.9 | 0.98
19 207 | 4602 | 1510 |1.54] 2 | 140 | 98 |184.0]0.0046]181.3] 1.01
20 17.0 | 4602 | 1510 |0.78] 2 | 140 | 100 |142.0]0.0075|143.9] 0.99

Continued on next page
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Table 1 [cont.]
Test | Specimen | 2o k)| (2 (e i o] k| | 148 |
21 22.6 | 460% | 1565 |0.78| 2 | 140 | 100 |155.0{0.0083|158.8 | 0.98
22 223 | 4607 | 1565 |1.54] 2 | 140 | 98 [189.0]0.0047|187.0| 1.01
23 32.8 | 4602 | 1565 [0.78] 2 | 140 | 100 |176.0]0.0096|179.8 | 0.98
24 30.5 [ 460% | 1565 |1.54| 2 | 140 | 98 |210.0{0.0053|211.8 | 0.99
25 459 | 460% | 1945 [0.78| 2 | 140 | 100 [197.0/0.0110|199.9 | 0.99
26 42.1 | 460% | 1945 [1.54| 2 | 140 | 98 [234.0/0.0060|238.9 | 0.98
L-SH-C 37.2 | 411 | 1898 |0.24| 2 | 300 | 180 | 552 |0.0128|499.1 | 1.11
[10] L-CL-S 342 | 411 | 1847 |0.24| 2 | 300 | 180 |626.3|0.0124|488.3 | 1.28
L-CL-C 45.6 | 411 | 2059 [0.16| 2 | 300 | 260 | 929 [0.0105|812.6| 1.14
L-SL-C 46.7 | 411 | 1816 |0.15] 2 | 300 | 280 |784.2|0.0100|893.8 | 0.88
LS-1 474 | 400 | 1895 [0.52| 2 2;)(?5( 180 | 669 [0.0118|660.2 | 1.01
[19]
LS-2 474 | 400 | 1895 [0.52| 2 2;)(())(; 180 | 702 |0.0118|660.2 | 1.06
LC-1 413 | 391 | 1810 |1.14| 2.5 | 100 | 75 |136.2|0.0093|127.6| 1.07
LC-2 413 | 391 | 1810 [0.76| 2.5 | 100 | 75 | 123 [0.0133]110.3| 1.12
LC-3 38.7 | 391 | 1840 |0.81| 2.5 | 100 | 105 | 236 |0.0074|194.2 | 1.22
(23] LC-4 38.7 | 391 | 1840 |0.54| 2.5 | 100 | 105 [193.9|0.0106|166.6 | 1.16
LC-1’ 413 | 391 | 1810 |1.14| 2.5 | 100 | 75 |136.6|0.0093|127.6| 1.07
LC-2 413 | 391 | 1810 [0.76| 2.5 | 100 | 75 | 123 [0.0133]110.3| 1.12
LC-3 38.7 | 391 | 1840 |0.81| 2.5 | 100 | 105 [234.7|0.0074|194.2| 1.21
LC-4 38.7 | 391 | 1840 |0.54| 2.5 | 100 | 105 | 195 |0.0106|166.6 | 1.17
LC-0.47-0 | 49.9 |537.7| 1780 |0.49| 2 | 250 | 162 | 520 |0.0155|419.4| 1.24
[16]] LC-0.86-0 |49.9 |578.8| 1780 |0.86| 2 | 250 | 164 | 590 |0.0098|562.5| 1.05
LC-1.23-0 | 499 |578.8| 1780 [1.32| 2 | 250 | 149 | 640 [0.0082|575.0| 1.11
[17]| LC-1.75-0 | 44.6 |547.7| 1695 |[1.73| 2 | 250 | 163 | 720 [0.0056|703.8| 1.02
[15]|LC-1.23-0 bis| 52.1 |547.7| 1788 |[1.25| 2 | 250 | 161 | 700 |0.0078|643.2| 1.09
— | LCF-1.23/0 | 47.9 |536.7| 1799 [1.24| 2 | 250 | 162 | 680 [0.0075]629.7| 1.08
[11]] L-MSW 58.6 | 520 | 2064 |[1.66| 16 | 400 | 150 | 862 [0.0104|860.7| 1.00

fic — compressive strength of LWAC, f;, — yield strength of the reinforcement, p — concrete density,
p1 —reinforcement ratio, dg — particle size of the natural aggregate, ¢ /D — column size, d — effective depth,
Vexp — experimental load, /cq1c — slab rotation, Ve — theoretical load capacity.

! The diameter of the natural sand particles was not given — the value was assumed as in typical cases.

2 Yield strength assumed according to previous investigations described in [24].
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The low sensitivity to the change of the indicated parameters in a fairly wide range
allows to conclude that the CSCT satisfactorily describes the punching shear capacity of
slabs made from various types of lightweight aggregate concretes.
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4. Conclusions

The analysis of the results of experimental tests in the light of CSCT allowed to
state a good compliance of the adopted mechanical model with the actual behavior of
lightweight aggregate concrete slabs. The assumed load-rotation function allowed to de-
scribe the deformations of the lightweight concrete slabs with aggregate from sintered
fly ash in a qualitatively and quantitatively satisfactory manner. The theoretical ultimate
rotations turned out to be on average about 11% lower than the values recorded during the
authors’ tests.

One of the key issues by formulating the failure criterion is the determination of the
effective roughness of the failure surface, which affects the aggregate interlock effect.
Due to the mechanical properties of lightweight aggregate (limited crushing strength and
thus high susceptibility to breaking), its contribution to the interlock effect was omitted
in the analysis. On the other hand, the maximum size of natural aggregate particles was
included, which allowed for a very good agreement between the results of calculations
and the experimental loads. The results of the tests on 57 flat slabs made from various
types of lightweight aggregate concretes were analyzed, obtaining an average ratio of
the experimental to theoretical load of 1.06, with a coefficient of variation of 9.1%. The
performed parametric study showed a low sensitivity of correctness of the CSCT predictions
to a change in a fairly wide range of parameters such as longitudinal reinforcement ratio,
concrete compressive strength and density of lightweight aggregate concrete.
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Zastosowanie teorii krytycznej rysy ukosnej do okreslania no$nosci

na przebicie plyt wykonanych z lekkich betonéw kruszywowych

Stowa kluczowe: rozmiar ziaren, przebicie, lekki beton kruszywowy, zazgbianie kruszywa, Critical

Shear Crack Theory

Streszczenie:

Jednym z podstawowym probleméw przy projektowaniu stropéw plaskich z lekkich betonéw

kruszywowych jest zapewnienie odpowiedniej no$nosci na przebicie stref podporowych. Mimo nie-
watpliwych zalet, do ktérych mozna zaliczy¢ mniejszy ciezar objetosciowy czy tez lepsze whasciwosci
izolacyjne, lekkie betony kruszywowe charakteryzuja si¢ mniejsza o 10 do nawet ponad 30% wy-
trzymatoscig na rozciaganie w poréwnaniu z betonami zwyklymi o zbliZonej wytrzymatosci na
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Sciskanie. W odréznieniu od obowigzujacej obecnie normy EN 1992-1-1, bazujacej na formutach
pét-empirycznych, za podstawe okreslania no$nosci ptyt na przebicie w procedurach fib Model Code
20101 prEN 1992-1-1 przyjeto podejscie mechaniczne, nawigzujace do Teorii Krytycznej Rysy Uko-
$nej (Critical Shear Crack Theory — CSCT). Teoria ta zakltada, ze wskutek powstania rys uko$nych,
mechanizm przenoszenia sil poprzecznych staje si¢ zalezny gléwnie od efektu zazebiania kruszywa,
resztkowej wytrzymatos$ci betonu na rozciaganie, oporu $cinania betonu w strefie Sciskanej oraz me-
chanizmu dyblujacego zbrojenia gléwnego. Nos$nos$¢ na przebicie zostata powiagzana ze zdolnoScia
plyty do deformacji, reprezentowanej w przypadku ptyt smuktych przez kat obrotu ¢, ktéry moze
zosta¢ wyrazony jako catka z krzywizny plyty w rozwazanej strefie.

Procedura obliczeniowa CSCT, nie wyr6znia wyraZnie zasad projektowania na przebicie plyt
z lekkich betonéw kruszywowych, jak ma to miejsce w normie EN 1992-1-1. Zaklada si¢, ze defor-
macje plyty zarysowanej s powigzane przede wszystkim z jej przekrojem (wysokoscia uzyteczng)
i zastosowanym zbrojeniem podluznym a zatem powinny opisywaé zachowanie zaréwno plyt z be-
tonu zwyktego jak i lekkiego. W celu okreslenia no$nosci na przebicie konieczne jest rozwazanie
kryterium zniszczenia opisanego pét-empiryczng formula, w ktérej no§nos¢ zostata uzalezniona od
szerokosci rysy uko$nej, powiazanej z katem obrotu plyty. Uwzglednia ono efekt zazgbiania kru-
szywa, ktory jest zalezny od profilu powierzchni rysy ukosnej. Rozmiar ziaren warunkuje szorstkos$é
powierzchni, dlatego tez przy jednakowej szerokosci rysy wiekszego efektu zazebiania kruszywa, od-
powiedzialnego za przenoszenie sil stycznych, nalezy oczekiwa¢ w przypadku betonu zawierajacego
ziarna kruszywa o wigkszej Srednicy. Istotny problem w przypadku lekkich betonéw kruszywowych
stanowi ograniczona wytrzymalto$¢ na miazdzenie kruszywa lekkiego. W odréznieniu od betonu
zwyklego, w ktérym rysy formuja si¢ na styku ziaren i zaczynu, w betonie lekkim dochodzi do
pekania ziaren, skutkiem czego powierzchnia rysy ukosnej charakteryzuje si¢ stosunkowo nieduzg
chropowato$cig. Biorac pod uwage obserwacje z badari wlasnych, mozna stwierdzi¢, ze profil po-
wierzchni zalezny jest wowczas przede wszystkim od uziarnienia kruszywa naturalnego, ktére nie
ulega pekaniu i umozliwia zazgbianie ziaren. W Swietle CSCT wskutek zastapienia czesci kruszywa
naturalnego kruszywem lekkim nalezy oczekiwac nizszej o kilka do kilkunastu procent nosnosci
plyty na przebicie, w zaleznosci od uziarnienia pozostalej frakcji kruszywa naturalnego.

W celu oceny zalozen zwigzanych z ograniczonym zazg¢bianiem kruszywa, dokonano weryfikacji
zasad CSCT w $wietle badan wiasnych. Obejmowatly one plyty ptaskie o grubosci 200 mm i wymia-
rach w rzucie 2400 x 2400 mm, wykonane z lekkiego betonu na kruszywie “Certyd”, stanowigcym
produkt spiekania popiotéw lotnych. Elementy wykonano z betonu o wytrzymato$ci na $ciskanie
fiem = 47,9+52.1 MPa, natomiast stopien zbrojenia gtéwnego p;, w zaleznosci od serii badawczej,
wynosit od 0,49 do 1,73%. W przypadku plyt charakteryzujacych si¢ stopniem zbrojenia gléwnego
p1 = 0,86=+1,32% uzyskano bardzo dobra zgodnos$¢ pomigdzy teoretycznymi i eksperymentalnymi
zaleznoSciami obcigzenie-obrét, zaréwno pod wzgledem jakosSciowym jak i iloSciowym. Jedynie
w odniesieniu do dwéch elementéw zauwazalne byly réznice pomiedzy rzeczywistq i przewidywang
charakterystyka obciazenie-deformacja. W przypadku ptyty LC-0.47-0 (p; = 0,49%) teoretyczne
katy obrotu przy danym poziomie obcigzenia byty do 50% wigksze od wartosci pomierzonych, na-
tomiast w przypadku modelu LC-1.75-0 (p; = 1,73%) wigksze o okoto 20+25% okazaly si¢ katy
obrotu zarejestrowane w trakcie badania. Graniczne katy obrotu zarejestrowane bezposrednio przed
zniszczeniem plyt okazaly si¢ Srednio o okoto 11% nizsze od warto$ci teoretycznych, wynikajacych
z obliczefi wedtug CSCT. Maksymalna réznica nie przekraczata 24,9%. Nie stwierdzono przy tym,
by byta ona zalezna byta od stopnia zbrojenia gtéwnego. Mimo réznic w granicznych katach obrotéw
teoretyczne no$nosci na przebicie wynikajace z kryterium zniszczenia okazaty si¢ bardzo zblizone do
warto$ci eksperymentalnych. Uzyskano Sredni stosunek no$nosci eksperymentalnej do teoretyczne;j
Vexp/Veale réwny 1,10 przy wspétczynniku zmiennosci na poziomie 6,3%.
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W pracy przeanalizowano réwniez dostepne w literaturze wyniki badan 57 plyt plaskich wy-
konanych z réznych rodzajéw betonéw, w ktdérych stosowano sztuczne kruszywo lekkie powstate
w procesie wypalania lupkéw, surowej gliny, popioléw lotnych a takze granulowany zuzel wie-
lopiecowy i keramzyt. Ze wzgledu na wlasciwosci mechaniczne kruszywa lekkiego (ograniczong
wytrzymato$¢ na miazdzenie i tym samym podatno$¢ na pekanie) w analizie pomini¢to jego udziatw
efekcie zazebiania. Uwzgledniono natomiast maksymalny wymiar ziaren kruszywa naturalnego, co
pozwolilo na uzyskanie bardzo dobrej zgodnosci pomiedzy wynikami obliczeri a no§no$ciami ekspe-
rymentalnymi plyt. Otrzymano bowiem Sredni stosunek no$nosci eksperymentalnej do teoretyczne;j
réwny 1,06, przy wspétczynniku zmienno$ci na poziomie 9,1%. Przeprowadzona analiza parame-
tryczny wykazata niewielka wrazliwos$¢ przewidywan CSCT na zmiange w do$¢ szerokim zakresie
takich parametréw jak stopieni zbrojenia podtuznego p;, wytrzymalo$¢ na Sciskanie fi. oraz gesto$¢é
lekkiego betonu kruszywowego p. Wykazano tym samym przydatno$¢ CSCT do oceny no$nosci na
przebicie plyt plaskich z lekkiego betonu kruszywowego.
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