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Abstract: An experimental program is presented where a slab on ground is subjected to concentrated loading at the centre,
the edges and at the corners. Analytical solutions for the ultimate load capacity fit well with the results obtained in
the tests. The non-linear behaviour of the slab is captured by performing nonlinear finite element analyses. The
soil is modelled as a no-tension bedding and a smeared crack approach is employed for the concrete. Through
a parametric study, the finite element model has been used to assess the influence of subgrade stiffness and
shrinkage. The results indicate that drying shrinkage can cause severe cracking in slabs on grade.
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1. Introduction

Slabs on ground are often subjected to demandingservice conditions. For industrial slabs and floors inbuildings the owner and the builder often require crackfree surfaces. Hence, in addition to have enough loadcapacity, it is important to keep control of crackingand crack widths. Typical loading which influence bothserviceability and load capacity are concentrated loadsfrom vehicles, columns or leg loads from storage platforms.
From a structural point, slabs on ground are large planeslying on continuous support. The maximum bendingmoments are directly under the concentrated loads andintroduce a radial crack pattern at the bottom of theslab. At higher load levels, circular cracks forms at
∗E-mail: Jan.Overli@ntnu.no

the top surface at some distance from the loaded area.The response of the slab depends on many factors, e.g.loaded area, slab size, subgrade stiffness. These havebeen extensively investigated experimentally [1, 2] andtheoretically by many researchers [3–8]. The use of steelfibre in slabs on ground is widely used around the world.However, in the Scandinavian countries the majority ofslabs are still produced with longitudinal reinforcement.Design of slabs on ground are normally based oneither elastic or plastic methods [9–11]. In situationswhere cracking is unacceptable elastic methods shouldbe used while plastic methods could be used in slabswhere controlled cracking is acceptable. According toelastic theory, the problem was solved for concentratedloading by Westgaard [3], when the loading was uniformlydistributed over a small circular area. This workintroduced the term modulus of subgrade reaction, whichis the load per unit area causing unit deflection of thesubgrade. This represents a Winkler foundation which
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Figure 1. Distribution of bending moments and formation of cracks
(yield lines).

assumes that reactions from the subgrade are vertical onlyand can be represented by vertical elastic springs.At ultimate limit state (ULS) the resistance of slabssubjected to concentrated loading is governed by bendingfailure, bearing strength or punching failure. Bendingcapacity can be calculated by means of conventional yieldline theory. Meyerhof developed design equations forconcentrated internal, edge and corner loads [4]. Thegoverning failure mechanism is cone-shaped with radialyield lines (from the loaded area) and a circular yieldline forming some distance away from the loaded area, asillustrated in Figure 1. The collapse loads in bending aregiven as:Internal load:
Pi = 4π(Mp +Mn)1− a3 · l , al > 0.2
Pu = 2π(Mp +Mn), al = 0 (1)

Edge load:
Pu = π(Mp +Mn) + 4Mn1− 2a3 · l , al > 0.2
Pu = π(Mp +Mn)2 + 2Mn,

a
l = 0 (2)

Corner load:
Pu = 2(1 + 4a

l

)
· Mn,

a
l > 0.2

Pu = 2 · Mn,
a
l = 0 (3)

where Mn and Mp are hogging and sagging momentresistance of the slab respectively, a the equivalent radiusof the load and l the radius of relative stiffness. Linearinterpolation can be used for values of a/l between 0 and0.2. The radius of relative stiffness is defined as:
l = 4

√
Ec · h312(1− υ2) · k (4)

where Ec is modulus of elasticity of concrete, h the slabdepth, ν Poisson’s ratio and k the modulus of subgradereaction. To avoid cracking at the upper surface, thehogging yield line should be limited to the design crackingmoment.Design codes often define the bearing capacity f∗cas [12, 13]:
f∗c = fcd

√
A2
A1 (5)

where fcd is the uniaxial compressive design strength, A1the partially loaded area and A2 the distribution area.Limitations of the distribution area are introduced to takeinto account loads close to an edge, eccentric loading oroverlapping loads. Punching resistance in Eurocode 2(EC2) must be checked at the face of the concentratedload and at a critical perimeter a distance 2d (where d isthe effective depth) from the loaded area. The shear stressresistance at the face of the loaded area is given as:
vmax = 0.4 · υ · fcd (6)

where fcd is the design compressive strength and v =0.6(1 − fck /250). In EC2, the shear stress carried by theconcrete at the critical perimeter yields:
vRd,c = 0.18

γc
· k · (100ρlfck ) 13 (7)

where k takes into account the size effect and ρl the effectof the longitudinal reinforcement. Due to the supportof the ground bearing slab, this design section is rarelycritical.This paper focuses on slabs subjected to concentratedloading. However, restraints to thermal and shrinkage
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Figure 2. Cross-section of slab and subgrade.

movements can contribute significantly to the structuralresponse of a ground bearing slab [14].Aim of this study is to investigate slabs on groundsubjected to concentrated loading. An experimentalprogram is set up to find static capacities and to studythe formation of cracks. Static load carrying capacitiesare compared to yield line solutions. Finally, non-linearfinite element analyses are performed to validate theexperimental results.The experimental work has been carried out as part ofa Master thesis project at the Department of StructuralEngineering at Norwegian University of Science andTechnology [15].
2. Experimental program and
results

2.1. Experimental program
Ground slabs exposed to heavy truck loads oftenexperience damage due to extensive cracking. Often thisis a result of inadequate design. To study this in detail atest program was set up for a slab subjected to staticconcentrated loading, and measuring the deformation,strains and failure loads. The experimental programcovers one slab. This slab was subjected to loadingat the centre, at two edges and two corners. Due tothe very locale response of a concentrated load, failureat one location in slab has only minor influence on thesubsequent failure loads at the other locations. The slabhad a square geometry with dimensions 3500×3500 mm.The thickness of the slab was 120 mm. A layer of 100mm of insulation represented the supporting soil. Aplastic sheet between the slab and insulation minimisethe friction and moisture transportation. Figure 2 showsthe cross-section of the slab and the subgrade.The testing facilities in the laboratory limited the slab

Figure 3. Ground slab and test set-up [15].

size. However, to simulate a larger slab, three pointsalong each edge of the slab were fixed against verticaldeformation as shown in Figure 3. When applying theedge and the corner loads, the restraints close to theloading point were removed.Depending on the soil type, the subgrade stiffness istypical in the range 0.01-0.5 N/mm3. Crushed stone whichis often used as a subgrade has a stiffness of 0.15 N/mm3.To achieve this stiffness in the testing system, a 100 mmthick layer of Jackofoam 400 XPS was used. This is aninsulation material made of extruded polystyrene, witha high compressive strength. Compressive test resultson cubic polystyrene specimens with 100 mm sides, isgiven in Figure 4. By calculating the difference quotientbetween one and two mm displacement in the diagram,the average stiffness is approximately 0.15 N/mm3.The loading area on the slab is 100×100 mm, representinga surface load since this study mainly focuses on thebending behaviour of the slab. A typical wheel load area issmaller and much more rectangular, but a larger quadraticload area was chosen to avoid a punching failure.The slab is reinforced with orthogonal longitudinalreinforcement at both top and bottom with a concretecover of 20 mm. This is a rather low value in practicefor slabs on ground for durability reasons. However, inthis experimental program it is sufficient. According toEurocode 2 the required minimum reinforcement is givenas:
As,min = 0.26 · fctmfyk · bt · d > 0.0013 · bt · d (8)
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Figure 4. Compressive test of subgrade material.

Figure 5. Casting frame and reinforcement arrangement [15].

where fctm is the mean tensile strength, fyk is thecharacteristic yield strength of the reinforcement, bt thewidth of the tensile zone and d the effective heightof the cross-section. Assuming a concrete strengthclass of C30/37 and a yield stress for the reinforcementof 560 N/mm2, the required minimum reinforcement is129 mm2/m. To minimise crack widths in ground slabs, thisvalue is often doubled. Hence, in this study reinforcementbars with diameter 8 mm and a distance between barsof 156 mm is used giving 322 mm2/m. The reinforcementarrangement and casting frame is illustrated in Figure 5.In order to control the mechanical properties, cylinderswere casted to evaluate the compressive strengthaccording to NS-EN 12390-3 [16] and the modulus ofelasticity [17]. The mean values obtained after 28-day ofcuring was 32.1 N/mm2 and 26727 N/mm2, respectively.Keeping control of the cracking due to bending at the topsurface is of great importance in design of concrete slabson ground. Hence, the flexural tensile strength, fctm,fl,is an important parameter. To estimate the strength, six

Figure 6. Location points for measurements.

simply supported unreinforced beams with cross section100×100 mm and a span of 1000 mm were tested under4 point bending with a load spacing of 200 mm. Based onthe failure (cracking) loads in the experiment, the flexuraltensile strength was 5.1 N/mm2, with a relative standarddeviation of 6%.
To capture the structural response of the slab, thedeformation and strains must be measured. Figure 6shows the location of the strain gauges and LVDT fordisplacements. Strain gauges were installed at both thetop and bottom reinforcement at the measuring points.In total, 90 strain gauges were used. Location of thestrain gauges was based on the result of linear elasticfinite element analyses. At the bottom surface, the largesttensile stresses occur close to the loaded area. To fit withthe reinforcement layout some adjustments of the locationpoints were compared to the results from the analyses.
To apply the static loading, a hydraulic jack was usedtogether with a control computer. To transfer the loadfrom the hydraulic jack, a steel prism was used as theloading area, as seen in Figure 7. Between the jackand prism specimen, a ball-and-socket joint was placed toavoid bending moments in case of inclined loading. Duringtesting the load was incremented with steps of 20 kN toallow for inspection and marking of cracks.
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Figure 7. Test arrangement and load cell for corner load [15].

2.2. Experimental results
This section presents the results from the experimentalprogram. The focus is on failure loads, deformation,crack development and circumferential strains around theloaded area at the top surface. A full description of allexperimental results is given in [15]. The failure loads,
Pfail, in the experiment together with the observed loadlevel at cracking at the top surface and at the cross sectionedges of the slab are given in Table 1. To verify andvalidate the failure loads, comparison is made in the tablewith the yield lines solutions given in Eqs. (1)-(3) and thepunching resistance according to EC2 from Eq. (6).The main goal in this study was to study the bendingbehaviour of the slab. However, the ultimate capacity ofthe slab was governed by other failure mechanisms, likepunching and anchoring or a combination of mechanisms,as seen in Table 1. In the slabs governed by punchinga distinct cone was visible. An indication of anchoringproblems was the observed horizontal cracks along thelongitudinal reinforcement. The calculated yield line andpunching capacities indicates a punching failure for thecentre load and bending failure for edge and corner loads,which to a certain extent is confirmed in the tests.Figure 8 shows the observed cracking at the top surfaceand the failure mechanism when the slab was loaded inthe centre. Due to problems during testing, the slab wasunloaded after reaching a load of 200 kN before startingloading again until failure. The failure mechanism ata load of 390 kN was a punching compression failure.The steel loading prism was pushed straight through theslab without any cracking close to the loading at the topsurface. Only minor cracking was observed at the top

(a)

(b)

Figure 8. Crack patterns and failure for centre load [15].

surface during loading, as seen in Figure 8. The firstcircular crack developed at a load of 320 kN in a radialdistance of 750 mm from the loaded area.The observed response of the slab subjected to a centreload is confirmed by the load-displacement and the straindevelopment in Figure 9, where the notation y-400 e.g.means a measuring point 400 mm in y−direction from thecentre of the loaded area. Locations of the strain anddeformation measuring points and definition of the axescan be found in Figure 6. As expected the response isalmost linear. Only the circular strain at the top surface,at a distance 800 mm from the loading area, shows a non-linear response after reaching a load of 300 kN. This isin agreement with the first top surface crack observed ata load level of 320 kN.Figure 10 shows the crack patterns and failure mode of theconcrete slab subjected to edge loading. The numberingon cracks corresponds to the load level in tonnes when thecracks were observed. As expected, circular cracks form atthe top surface. The first crack occurred approximately
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Table 1. Test results and calculated failure loads.

Load [kN] Centre Edge Edge Corner Corner
load load 1 load 2 load 1 load 2Crack top surface 325 80 85 33 30Crack edge - 35 40 40 40

Pfail 390 153 140 70 52
Failure type punching bending/ bending/ anchoring/ anchoring/punching punching bending punching
Pyield 348 161 161 48 48
Ppunching 302 227 227 151 151

(a)

(b)

Figure 9. Centre load, (a) Displacements, (b) Strains.

500 mm from the edge towards the centre of the slab.With increasing loading, new cracks formed closer to theloading area. This is in accordance with redistributionof forces closer to the loaded area, as the slab starts tocrack. The failure mechanism looks like a combination ofa bending and a punching failure.As seen from the load displacement graphs in Figure 11,the slabs has a non-linear response. The non-linearityis modest until approximately a load of 80 kN. Thiscorresponds with the observed top surface cracking at thesame load level.The strain development in Figure 11 for edge load1 evidences the crack development in the slab. Theconcentrated loading at the edge produces largest strainsin the bottom side under the loaded area. The longitudinalstrain along the slab edge at this point shows apronounced increase at a load level of 30 kN (Figure 11).This is in agreement with the first observed crack at theedge at 35 kN. However, this is a very local effect whichdoes not introduce a global non-linear behaviour in theslab, as seen from the strain development at other locationpoints and the load-displacement graphs. Approachinga load of 80 kN, the circular strain placed at 649 mmtowards the centre of the slabs, starts to show a non-linear behaviour, which is in coincidence with the firstvisible crack at the top surface of the slab. With furtherincrease in the load, more cracks form closer to the loadedarea and along the edge.The crack patterns and the failure mode for the two cornerloads are presented in Figure 12. The top surface crackingstarted along the diagonal from the corner, at distances440 (33 kN) and 340 mm (30 kN) for edge load 1 and 2respectively, soon after the cracks extended to the corneredges. For corner load 1, two major cracks had formedat 40 kN. The failure at 70 kN was an anchoring failureinitialised by the flexural cracking. The failure at 52 kNfor corner load 2 was a combined punching/anchoringfailure much closer to the loaded area than load 1, asseen in Figure 12.
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(a)

(b)

(c)

(d)

Figure 10. Crack patterns at failure loads for edge loading [15], (a)
Edge load 1, (b) Edge load 2, (c) Edge load 1, (d) Edge
load 2.

(a)

(b)

Figure 11. Edge load, (a) Displacements, (b) Strains.

The load-displacement graphs exhibited in Figure 13a,shows that corner load gives a local response. The radiusof relative stiffness, l, for the slab, using the measuredmodulus of elasticity is 404 mm; at a distance of 1.0lfrom the loaded area, the deformation is halved. Thestrains in Figure 13b clearly indicate cracking at a load ofapproximately 35 kN, which corresponds to the observedcracking.
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(a)

(b)

Figure 12. Crack patterns at failure for corner loading [15], (a)
Corner load 1, (b) Corner load 2.

3. Numerical analysis

3.1. Model description

To verify and better understand the results from thetests described in Section 2, non-linear finite elementanalyses have been performed. The numerical analysesare carried out with the finite element code DIANA [18].The focus in these analyses is on crack formations,deformations and global response in the slab. Hence,there is no tuning of material and numerical parametersto capture the mechanisms and the failure load. Oftennumerical analyses of slabs on ground focus on ultimatecapacities and the influence of slab size and materialparameters [19, 20]. Through a parametric study, the finiteelement model has been used to assess the influence ofthe tensile strength and the subgrade stiffness on theresults. Drying shrinkage is often a major problem inconcrete slabs, causing cracks on the top surface before

(a)

(b)

Figure 13. Corner load, (a) Displacements, (b) Strains.

any live loads are applied. Non-linear analyses areused to quantify the effect of shrinkage. Finite elementanalyses of slabs can use shell elements or solid elements.From a practical point of view, shell elements are preferredsince the design of slabs is based on forces and momentswhich are the output from these elements. However, solidelements with stresses as output are able to model andanalyse the response in more detail and with greateraccuracy. Both element types have been employed in theanalyses to see if shell elements give as good results assolid elements.Two different finite element models have been
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(a)

(b)

Figure 14. Finite Element models, (a) Shell elements, (b) Solid
Elements.

investigated. The first model employs three-dimensionalquadratic shell elements with eight nodes. The secondmodel consists of solid brick elements with 20 nodes withfour elements over the cross section. To simulate theground support, interface elements with eight nodes isused. Interface elements are capable of describing therelative vertical and tangential (horizontal) displacementsbetween the concrete slab and the ground. Figure 14shows the finite element models for the centre load withthe interface elements at the bottom. Due to geometricsymmetry, the finite element model represents onlyone quarter of the slab. Even though the concentratedloading from the experimental program described inSection 2 is not symmetric, this should not influencethe result. The models in Figure 14 are also used forloading along the edge and at the corner. Only smalladjustments of the mesh for edge and corner loads havebeen done to fit with the load area. Appropriate boundaryconditions, depending on the location of the load, ensurethe symmetry. The corner with the smallest element sizesis the loading area for all three loading situations.

In order to simulate cracking, a smeared rotating crackmodel describes the tensile behaviour after reaching thetensile strength of 5.1 N/mm2. After cracking, a lineartension softening model is utilised with an ultimate strainof 0.5hat zero tensile stress. Non-linear analyses ofconcrete subjected to concentrated loading often resultin numerical instabilities and convergence problems dueto high shear and compressive strains. Thus, concrete incompression is considered linear elastic since the focusin this study is on bending behaviour. The modulus ofelasticity of the concrete is 26727 N/mm2. The orthogonalreinforcement grid is modelled as embedded reinforcementand represented by a linear perfectly-plastic materialmodel with yield strength of 564 N/mm2. The constitutivemodel for the interface elements describes a no-tensionbedding with a subgrade stiffness of 0.15 N/mm3 and zerofriction. Hence, it takes into account the possible loss ofcontact between the slab and the soil, which simulates theexperimental subgrade.
3.2. Numerical results

The simulated vertical slab displacement at the centrepoint is compared to the test results in Figure 15 for thecentre load. Also, the contour plot of the displacementis given in the figure at a load level of 380 kN. Asexpected, the contour lines are almost perfect circulararound the loaded area. The calculated and experimentalresults show reasonable match. The analyses have linearresponse up to a load level of approximately 80 kN, wherenon-linear response occurs. This corresponds well withthe first observed crack in the analyses at the same loadlevel. Before cracking, the simulated response is too stiff.The 2D and 3D results in Figure 15 represents the shelland the solid finite element model respectively. It can beobserved that the models behave identical up to a loadlevel of 250 kN; after that the 3D model has a moresoft behaviour which is in better agreement with the testresults.In Figure 16 the crack pattern for the 3D model ispresented at a load level of 380 kN. The pattern at thebottom is typical for slabs with centre loading. Crackbands form towards the outer edges and along thediagonal. The first crack occurred at 65 kN which explainsthe starting point of the non-linearity in the load versusdisplacement curve in Figure 15. The first registered topsurface crack in the analysis was at 340 kN, which is ingood accordance with the first observed crack at 325 kN inthe test. As for the test, the numerical model shows onlyminor cracking at the top surface. This is in agreementwith stress distribution in quadratic slabs. The higheststress concentrations are in areas between lines from the
218
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(a)

(b)

Figure 15. Centre load, (a) Vertical deformations [mm] at 380 kN;
(b) Load-displacement curve.

centre towards the edges and the diagonals, as it can beobserved in the crack pattern of Figure 16.Figure 17 shows the numerical vertical slab displacementbelow the edge load. The contour plot of the displacementin the figure corresponds to a load level of 140 kN.Compared to the circular contour lines for the centre load,the contour lines for the edge load is more oval shaped.This complies with distribution of forces in a ground slabsubjected to an edge load. The sagging moments arelarger and distributed wider along the free edge thantowards the centre of the slab. The hogging momentsare much larger towards the centre.As seen in Figure 17, the response in the analyses is

(a)

(b)

Figure 16. Crack pattern at 380 kN for centre load, (a) Bottom
surface, (b) Top surface.

stiffer than the test. In the numerical analyses cracksoccur at load levels of 25 kN and 90 kN for the bottom andtop surface respectively. The shape of the displacementcurves reflects this formation of cracks. Compared to thetests, the crack load at the bottom surface is very low.However, finite element modelling of concentrated loadingyields very high stress gradients around the loaded area,which makes the results dependent on the element size.The 2D and 3D models behave identical up to a loadlevel of 100 kN. Afterwards the 3D model has a more softbehaviour.In Figure 18 the crack pattern at the top surface for the
219
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(a)

(b)

Figure 17. Edge load, (a) Vertical deformations [mm] at 100 kN, (b)
Load-displacement curve.

3D model is presented at load levels of 100 and 140 kN.The patterns describe the structural behaviour of the slab.At lower load levels, the large hogging moments towardsthe interior of the slab results in crack pattern seen inFigure 18a. Due to redistribution and higher loads, newcracks form further away from the loaded area along thefree edge (Figure 18b). At the bottom surface, radialcracks will form mainly towards the interior of the slab.The 2D finite element model has been used to assessthe influence of the tensile strength and the subgradestiffness on the results. As seen in Figure 19a, by lowering

(a)

(b)

Figure 18. Crack pattern at top surface for edge load, (a) Load 100
kN, (b) Load 140 kN.

the tensile strength the numerical results are in betteragreement with the test results. However, the responseat low load levels is still too stiff. The subgrade stiffnessis varied in Figure 19b; it can be observed that, with astiffness of 0.10 N/mm3, the numerical and test resultsshow reasonable match. The value of 0.15 N/mm3 used inthese analyses is an average value based on test of thesubgrade material. From Figure 4 it can be seen that thestiffness is lower than 0.15 N/mm3.The simulated vertical slab displacement at the corner iscompared to the test result in Figure 20 for the cornerload. Also the contour plot of the displacement is given
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(a)

(b)

Figure 19. Edge load, effect of varying the (a) Tensile strength, (b)
Subgrade stiffness.

in the figure at a load level of 40 kN. The contour linesare almost linear and divide the slab in triangles, which istypical for concentrated corner loads on ground supportedslabs. The calculated and experimental results do notshow very good match; the analyses have linear responseup to a load level of approximately 40 kN, where a suddenand severe non-linear response occurs. This correspondswell with the extensive cracking in the analyses at thesame load level. The numerical response is much toostiff before cracking; the test has a very soft and convexresponse for low load levels, while the numerical analyseswith a constant subgrade stiffness of 0.15 N/mm3 is notcapable of reproducing the experiments (Figure 20). Thecorner load gives very high support reactions in thesubgrade. To see the effect of high support reactionsand convex shape of the subgrade material, the non-linear

(a)

(b)

Figure 20. Corner load, (a) Crack pattern at top surface at 40 kN,
(b) Distribution of stresses [N/mm2] in the top layer of
reinforcement at 40 kN.

behaviour from Figure 4 is employed as the material modelfor the interface elements. The results in Figure 20 show avery small convexity and a softer response after cracking.However, the response is still too stiff at low loads. Theresults from the 2D and 3D models are almost identical,which is surprising since corner loading gives a very localresponse that solid elements should be able to predictbetter than shell elements.In Figure 21a the crack pattern at the top surface for the3D model is presented for a load of 40 kN. The crackband is very concentrated indicating there is one majorcrack in the analysis. This is confirmed with distribution ofreinforcement stresses in the top layer in Figure 21b. The
221
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(a)

(b)

Figure 21. Corner load, (a) Crack pattern at top surface at 40 kN,
(b) Distribution of stresses [N/mm2] in the top layer of
reinforcement at 40 kN.

centre of the cracking from the analysis is approximately350 mm along the diagonal from corner, which is in therange of the test results.
3.3. Effect of shrinkage

Shrinkage can lead to significant tensile stresses in slabson ground due to the one-side drying on the top surface.This can especially be a problem in areas with hoggingmoments, but even without any applied external load,top side cracking could occur. The effect of shrinkage

is often reported in experimental work and from practice,but is rarely taken into account in numerical analysesin the literature. In order to investigate the influenceof shrinkage and to address the level of the tensilestresses, the 3D finite element model of a square slab fromSection 3.1 is used together with a model for developmentif free shrinkage strain in a cross-section exposed to one-side drying.A simplified solution of the diffusion equation for concreteexposed to drying is mainly characterized by theshrinkage penetration length, ls, and the maximum freeshrinkage strain εcs0 [21]. If the penetration length is lessthan the cross-section height, the unrestrained shrinkagestrain has a parabolic shape and yields:
εcs = εcs0 ·

(1− y
ls

)2

ls = √12 · α · t (9)
where y is the distance from the drying surface, α is thediffusion coefficient and t the is the time in days. Onlythe effect of shrinkage after 28 days is considered. Byassuming α = 10 mm2/day, the penetration length is58 mm. Thus, approximately, half the cross section isexposed to a parabolic distributed shrinkage strain in thenumerical analysis. This study use 0.15has the maximumfree shrinkage strain. The material properties related toshrinkage were not measured during the test programdescribed in section 2. Thus, the effect of shrinkage onthe test results cannot be quantified.In order for shrinkage strains to cause stresses in astructure, there must be some kind of restraints from thegeometrical shape or supports. In slabs on grade, thereaction forces from the ground introduce tensile stresses.However, if shrinkage is the only applied load togetherwith a no-tension bedding material model for the ground,only minor stresses will appear due to the free lifting of theslab. Thus, in these analyses, the self-weight of the slabis applied together with the shrinkage strains. Two finiteelement models have been analysed. In the first model theouter edges of the slab is free to move vertically while thesecond model is supported to avoid vertical deformationsat the edges. From Figure 22, it can be seen that thecorner will lift more than 3 mm without the edge supports.Figure 23 presents the principal stress distribution atthe top surface for both models. The obtained maximumtensile stresses are 3-4 N/mm2, which is in the range ofthe tensile strength of concrete; hence, the slab may crackdue to drying shrinkage. Large areas of the slabs havetensile stresses 1.5-3 N/mm2, which is an indication onthat drying shrinkage can be a problem and cause severecracking in slabs on ground.
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(a)

(b)

Figure 22. Distribution of vertical deformations [mm]: (a) Free
boundaries, (b) Fixed boundaries.

Subgrade stiffness for typical grounds varies from 0.01N/mm3 for fine sand to 0.5 N/mm3 for well compactedcrushed stone. To investigate the effect of the stiffnesson tensile stress due to shrinkage, the stiffness has beenvaried and compared with the obtained maximum principaltensile stress in the numerical analyses. The resultpresented in Figure 24 for the model with free edgesindicates that typical values for the subgrade stiffness donot influence the tensile stresses very much.

(a)

(b)

Figure 23. Principal tensile stress at top surface [N/mm2], (a) Free
boundaries, (b) Fixed boundaries.

4. Conclusions
In this study a concrete slab on grade was subjected toconcentrated centre, edge and corner loads. The main goalwas to study the formation of cracks on the top surfacewhich often is of concern in this type of structure.The response of the concrete slab was as expected; in fact,circular cracks formed at the top surface some distanceaway from the loading area, which is in agreement withlinear elastic theory for slabs on elastic foundation. Thefailure mode was governed by punching for the centreload, a combined bending/punching for the edge load andanchoring/punching for the corner loads. The capacities
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Figure 24. Effect of subgrade stiffness on the principal tensile
stress.

were in agreement with requirements for punching indesign codes and traditional yield line solutions forbending failures.Non-linear finite element analyses were performed toverify the crack formation in the test program and toassess the influence of tensile strength and subgradestiffness on the results. In general, the numerical analyseswere able to predict first occurrences of cracks at theobserved load levels and areas. However, the responseswere too stiff for all three loading points. By reducingthe subgrade stiffness, a better agreement was achievedbetween test and numerical results. Thus, to know thematerial characteristics of the grade is of great importancein this type of structure.Slabs on grade are exposed to on-side drying whichmay cause tensile stresses at the top surface due toshrinkage. A numerical model which takes into accounta time dependent strain profile in the cross-section wasestablished. The results indicate that drying shrinkagecan cause severe cracking in slabs on grade.
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