Aalborg Universitet AALBORG

UNIVERSITY

Foundation Design for a High Bay Warehouse with a Steel Fibre Reinforced Concrete
Slab

<strong/>

Kasper, T.; Sgrensen, Carsten Steen; Nielsen, J. B.

Published in:
EP93 Foundations

Publication date:
2008

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):

Kasper, T., Sgrensen, C. S., & Nielsen, J. B. (2008). Foundation Design for a High Bay Warehouse with a Steel
Fibre Reinforced Concrete Slab: . In M. J. Brown, M. F. Bransby, A. J. Brennan, & J. A. Knappett (Eds.), EP93
Foundations: Proceedings of the Second International British Geotechnical Association Conference on
Foundations, ICOF 2008 IHS BRE Press.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.


https://vbn.aau.dk/en/publications/d7894300-e3ac-11dd-b0a4-000ea68e967b

Downloaded from vbn.aau.dk on: July 04, 2025



FOUNDATION DESIGN FOR A HIGH BAY
WAREHOUSE WITH A STEEL FIBRE
REINFORCED CONCRETE SLAB

T KASPER
COWI A/S, Parallelvej 2, 2800 Kongens Lyngby, Denkna
tkas@cowi.dk

C S SURENSEN
COWI A/S, Parallelvej 2, 2800 Kongens Lyngby, Denkna
css@cowi.dk

J B NIELSEN
COWI A/S, Parallelvej 2, 2800 Kongens Lyngby, Denkna
jab@cowi.dl

SUMMARY: The high bay warehouse at the Carlsbeeyfery in Fredericia,
Denmark, is 40 m high and is founded with a 83 & @rilfoundation slab on
clay till and sand layers. Due to the wind loadgtmntall building, the edges
of the foundation require 80 cm and 60 cm thickvamtionally reinforced
concrete slabs, while a 69 x 77 m and 40 cm thiekldibre reinforced
concrete (SFRC) slab forms the inner part of thenfation. Steel fibre
reinforcement has been chosen mainly due to appeairly 15 % lower
construction costs than a comparable solution witmventional rebar
reinforcement. The SFRC slab is cast in 6 paneisiell by free-movement
joints with shear dowels. It has to be designedcfosely spaced 250 kN
characteristic long-term loads for complete fillimigthe racks. The design has
been based on a German SFRC design guideline akesmae of 3D finite
element soil-structure interaction calculationslgpp elasto-plastic material
models for both the slab and the soil.

Keywords: Finite element modelling, foundation slalgh bay warehouse,
steel fibre reinforced concrete, yield line method.

INTRODUCTION

A new, fully automated high bay warehouse with catep controlled stacker cranes
forms the basis for the storage logistics at thgragied and extended Carlsberg brewery
in Fredericia, Denmark. The inner part of the foatiwh slab of the warehouse is made

Kasper, Sgrensen and Nielsen: Foundation desigmtiaggh bay warehouse with a steel fibre reinforomlcrete slab.
Proceedings of the BGA International Conference ounrfélations, Dundee, Scotland,24 — 27 June 2088 BRE
Press, 2008.
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with steel fibre reinforced concrete without rebeinforcement (Fig. 1 and 2).

Fig. 1: The foundation slab and the racks of the warehatiiee Carlsberg brewery during construction.

Steel fibre reinforced concrete has been a sulgédntensive research and
development for a longer timté. Steel fibres can replace the conventional reggiorent
in structures, for which only a little amount obeg reinforcement would be needed.
Typical fields of application are tunnel liningsayements and floors, foundations and
pipes. Steel fibres are also often used in comioinatith rebar reinforcement to improve
the properties and the bearing capacity of con@etetures. Steel fibre reinforcement
enables a simple and time-saving construction BRcés a consequence, the
construction costs for the inner part of the watstgofoundation were estimated to be
approximately 15 % lower than with a comparablevemtional reinforcement solution.
In addition to the cost and construction relateakfiés, steel fibres introduce a favourable
crack distribution behaviour and improved impasist&nce of the concrete as technical
benefits for this particular project. It should beted, however, that the concrete mix
design, material testing, casting technology aralityucontrol require special care and
some additional effort.

The design of the foundation slab has been baseitieo German SFRC design
guideline? and is presented in detail in this paper. Theibgarapacity of the slab for
bending is investigated by 3D elasto-plastic stikgure interaction calculations with a
finite element program and the results are verifigdomparison with solutions based on
the traditional yield line method. Finite elemerdlaulations are also used for the
verification of the slab deformations. Punching ims/estigated by simple hand
calculations and the shear dowels in the jointslaségned according to a formula which
is based on experiments.

PROJECT BASIS

Geometry and loading

The wind loads on the 40 m high warehouse are tékewind bracings, which are
integrated into the racks in the gable areas. Batv@® and 80 cm thick conventionally
reinforced concrete has therefore been used fdothmlation slab in the gable areas (Fig.
2). The inner part is designed as a 40 cm thickGBEIRb without rebar reinforcement and
is cast in 6 panels with 36 x 28 m maximum dimemsio
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Fig. 2: Layout and loading of the warehouse foundation.

The loading of the SFRC slab by the racks follawsgular pattern as shown on the
right hand side in Fig. 2. The characteristic faatnah loads of the racks consist of 11 kN
dead load, 228 kN live load (pallet weight), 3 kibw load on the roof, 7.5 kN due to
rack inclinations, 4 KN due to the stacker cramesraaximum 35 kN wind load. All racks
are connected by beams in the roof. Although th@mnpart of the wind loads is taken by
the bracings in the gable areas, the deformatioth@fwhole racking system of the
warehouse due to wind causes some minor wind laladsn the racks on the SFRC slab.
The warehouse is operated fully automatically byanseof computer controlled stacker
cranes in the aisles. The cranes have two whe#isavgpacing of 5.8 m and run on rails.
The maximum wheel loads are 150 kN vertical load 280 kN horizontal breaking load.

The cohesive soil below the slab behaves stifidrthe slab therefore has a higher
bearing capacity for short-term loading (i.e. umaked conditions in the soil) compared to
long-term loading (i.e. drained conditions in tlod)s Therefore, the slab is modelled and
verified considering long-term rack loads of 11282 3 + 7.5 + 4 = 253.5 kN 250 kN
and drained conditions in the soil. Wind loads #mel loads from stacker cranes are
short-term loads and are not considered. The lfvadsthe stacker cranes are distributed
over a larger length by the rails and the horiziobtaaking loads are considered to be
uncritical for the slab.

Subsoil conditions

The subsoil consists of clay till and sand lay@iise ground investigations included
fifteen 12 m deep borings in a grid of 35 x 35 d aedometer tests of soil samples. The
groundwater level is located 4 m below the grouwndase. The geotechnical data have
been evaluated, resulting in cautious estimatéso0#0 MPaygp' = 30° and c' = 15 kPa as
input parameters for the design. The earthworkisidezl excavation and levelling of the
surface, followed by placement of 30 cm compacteaisand 20 cm compacted gravel on
top. The concrete of the slab is poured on a glakeet which is laid on the gravel before
casting.



Castingjoints

Fig. 3: Shear dowels in the casting joints.

Design basis
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The casting joints are made with stretch
metal and equipped with shear dowels
(Fig. 3). The dowels are driven through
the stretch metal into the fresh concrete
during casting of the slab. They
distribute the loads close to edges and
corners to the neighbouring slab panel(s).
In this way, they avoid the loading of
free edges or free corners which may be
critical for the bearing capacity, and
avoid differential settlements between
the slab panels. The shear dowels have a
smooth surface and a plastic coating to
allow shrinkage of the slab panels.

Although design guidelines for steel fibre reinfedcconcrete structures have been
developed in various countries, no standards esasfar. The design of the SFRC
foundation slab for the warehouse has been basada@mman SFRC design guideline

Slab properties
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Fig. 4: 4-point beam bending test results.
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Fig. 5: SFRC stress-strain relationship.

interesting to note that the mean values

The 40 cm thick slab is constructed
with a C30/37 concrete and 45 kd/m
steel wire fibres. The fibres have a
diameter of 1 mm, are 50 mm long and
have hooked ends. The fibres are added
to the concrete in the concrete mixer
trucks at the batch plant. According to
the German guideline, the strength
properties of SFRC are determined
from 4-point beam bending tests. The
test results of 9 beams are shown in Fig.
4. The resulting strength parameters are
shown in Table 1 and illustrated in Fig.
5. fomq and ey denote the mean and
characteristic tensile strength at crack
initiation, feqci, IS the characteristic
equivalent flexural tensile strength at
deformation level |, i.e. shortly (0.1 %o)
after crack initiation ande§ cui is the
characteristic  equivalent  flexural
tensile strength at deformation level I,
i.e. at large strains (10 %o). It is
of theivatpnt flexural tensile strength

parameters at deformation level | and Il were fotmdbe approximately 17 and 19 %
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higher than the characteristic values.
Tablel. Strength parameters determined from the testgig. 5 illustrates the assumed

stress-strain relationship of SFRC

Strength parameter Value (M Pa) based on the German guideline for
ot 2,160 the full ~ range cf)f adm|SS|pIe
¢ 4,021 compressive straing. and tensile

ctifl ' strainse's. The design values of the
feq.cik, 1271 strength parameters for ultimate limit

feq.ctil 0.809 state (ULS) calculations and
verifications are obtained as

foq = fo (¢ 1y, =300085/15=17 MPa (1)
foign = fopn [@d 1 y& = 40210085/125= 2.734MPa @)
foqeia = Teqon e eyl ¥o =1.2710D85[0.889/125= 0.768MPa 3)

feqean = feqeion (e [Woys! Yo = 0.8090085[D.889/125= 0.489MPa  (4)

In the above equationg is a factor to consider long-term deterioratiocafcrete
structures andsysis a correction factor to consider the differeimcthickness between the
slab and the test beamys andy'.; are partial safety factors.

Based on Fig. 5 and considering design valueseo$trength parameters instead of
characteristic values, it is possible to deternthme evolution of the bending moment
MuLs with increasing deformation for the relevant ik of pure bending (normal force
N = 0). Fig.6 shows the relationship between &and the tensile straif..

The German guideline provides a formula for thiémestion of crack widths w
based on the tensile straily, the height of the cross section h and the heigtihe
compression zone x (cp. Fig. 5)

w=gl(h=x) (5)

It is important to note that the guideline regsiieelimitation of the crack widths in
the ULS to 1/20 of the fibre length = 2.5 mm towmessufficient anchorage of the fibres.
Fig. 7 shows the relationship betweep,Mand the crack width w.
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Fig. 6: Relationship between the ULS bending  Fig. 7: Relationship between the ULS bending
moment of the slab and the tensile stedin moment of the slab and the crack width w.
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The ULS shear capacity of the slab has been edémlias 216 kN/m. The stiffness
of a C30/37 is given in the German codes as E D@MPa. A typical estimate of the
Poisson's ratio is 0.17.

MODELLING AND VERIFICATION

Bearing capacity (bending)

The bearing capacity of the slab is investigated nbgans of 3D elasto-plastic
soil-structure interaction calculations with theogram Plaxis 3D Tunnéi, comple-
mented by comparative hand calculations basedegid¢id line method. One of the 3D
finite element models used for the analysis ofsiaé is shown in Fig. 8.

Fig. 8: A 3D finite element model for the analysis of thenflation slab.

It can be concluded from Figs. 6 and 7, that treding behaviour of the slab can
be modelled quite realistically as elastic-perfepiastic, considering a plastic moment
(moment capacity) of Muis = 45 KNm/m. This input value for the finite elemen
calculations has been chosen conservatively basédos at the maximum admissible
tensile straire’'s= 10 %o (Fig. 6). Based on the prescribed ULS craitkh limit of max
w = 2.5 mm, M, could actually be chosen slightly higher (Fig. 7).

The soil body in the models has a height of 13 ne groundwater table is assumed
4 m below the slab. For simplification, the gralketl and sand bed underneath the slab
are not considered, which is slightly conservatagetheir stiffness is expected to be
somewhat higher than 40 MPa. The material behawbuhe soil is described by the
elasto-plastic Mohr-Coulomb model with E = 40 MBas 30°, ¢' = 15 kPa and= 0.25,

i.e. with unfactored material parameters.

The vertical boundaries of the models are fixethe normal direction, while the
bottom of the models is fixed in both horizontaledtions. The displacement boundary
conditions are completed by fixing the rotationsuerd the slab edges, i.e. the vertical
model boundaries are assumed to be planes of symnidi-node wedge-shaped
elements are used for the soil and 8-node rectanglikll elements are used to model the
slab. A finer mesh is used in the loaded arealseo$lab and the soil underneath to obtain
reliable results.
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The loads acting on top of the slab are assuméd thispersed through the slab to
the neutral axis with a spread-to-depth ratio &f Hence, the loads transferred by the 16
x 18 cm baseplates at the rack feet are modelladit@mmly distributed loads on the slab
elements over areas of 56 x 58 cm.

The casting joints with shear dowels are consdaiénethe models by means of
narrow strips of elements with a small plastic motmeorresponding to the bending
capacity of the steel dowels ofgM 1.1 KNm/m.

The ultimate load levels are determined by a sigpwncrease of the loads on the
slab and an evaluation of the corresponding craickha. It should be noted that the
elasto-plastic finite element calculations représeameared crack modelling approach
and that the German guideline is also based oreassstrain relationship. For a given
load level, the calculated deformations of the skbk inspected. By taking the
displacements of three adjacent nodes around ttetidm and in the direction of
maximum bending curvature of the slab, a secondrgrdlynomial u = a+ bx + ¢ can
be determined which matches the displacement prdftiis approach is consistent with
the finite elements used in the calculations, whialso have a second-order
approximation of displacements. From the curvatwi@ch is the second derivative of
the displacements= u" = a, the strain difference over the heighthe cross section can
be determined ase = ¢'¢ - €'« =k - h.Ae can now be used together with the condition N
= 0 (pure bending) to determine the crack widtredamn Fig. 5 and Eq. (5). The ultimate
load level is reached when the calculated crackhaiglaches the prescribed limit of 2.5
mm. The German guideline requires a partial sa@tyor on the loads of 1.5, i.e. the
predicted ultimate load level should be at leastx1250 = 375 kN.

In order to find the critical loading situationrfthe bearing capacity of the slab,
different cases have been investigated. The rdsultaise 1 - a single load far from joints
- is shown in Fig. 9. The influence of the joindschecked by the analysis of case 2 - a
single load close to joints - as shown in Fig. 10.
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Fig. 9: Case 1 - a single load far from joints. Layout,dedisplacement curve and magnified
displacements. The predicted ultimate load lev8Ris kN.
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It is found that the difference in the ultimatedoavels between case 1 and 2 is
quite small. This is due to the minimum distanc¢hefloads from the joints of 60 cm and
due to the load transfer between the slab panelthéyshear dowels in the joints.
Nevertheless, the ultimate load level is smallat trerefore, case 3 - 8 loads close to
joints - and case 4 - full loading of the slabe analysed considering the joints.

600 ‘
500 4~~~ .
400 +------- BT R,
300 - ‘

200 +-- A~ EEEEEEEEEEEE
100 +ff--—- e

)
o

|
29

I
0

L7
by

')

N

Load (kN)

7
%
¢

=

Y
)
9,

\
W

0 5 10 15 20 25
Displacement under load (mm)

Fig. 11: Case 3 - 8 loads close to joints. Layout, load-éispment curve and magnified displacements.
The predicted failure load level is 390 kN.
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Fig. 12: Case 4 - Full loading of the slab. Layout, lodigplacement curve and magnified displacem:
The predicted ultimate load level is 388 kN.

The results of case 3 and 4 confirm the expectdhat the ultimate load level
decreases with increasing number of loads. Caséh4wll loading of the slab yields the
lowest ultimate load level. For single loads, thémate load level is clearly reached
before crack widths and fibre anchorage becomécali{cp. the load-displacement
curves in Fig. 9 and 10). With increasing numbedpoatis (Fig. 11 and 12), failure of the
slab seems to be more and more governed by thd evalth criterion, i.e. fibre
anchorage.

Analytical solutions for case 1 and 4 can béveerbased on the yield line method
34 as shown in Fig. 13. The yield line method is dase the assumption of rigid-plastic
behaviour of a slab with distinct yield lines (dajat failure. Based on
. a chosen, kinematically possible yield line (craoéjtern
. a suitably chosen distribution of soil stresses and
. a corresponding virtual displacement field (rotasio),
an equilibrium relation between the moment capesitf the slab in the yield lines
(cracks) and the loads on the slab can be derreed the principle of virtual work.
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Fig. 13: Solutions for the ultimate load level in case ft)land 4 (right) based on the yield line method.

In the finite element calculations for case He tistribution of the vertical soll
stresses under the slab at ultimate load levebbas found to be close to assumption c)
in Fig. 13 (left). The ultimate load levels preeidtby the finite element calculations of
821 kN for case 1 and 388 kN for case 4 are ab@®bhigher than the corresponding
yield line solutions of 753 kN for case 1 c) and ¥ for case 4. Considering the basic
differences in the two approaches, this resultigegsatisfying. The lowest ultimate load
level of 388 kN predicted by the FE calculatiorshghtly above the requirement (1.5 x
250 = 375 kN), while the yield line solution of 3kN is slightly below the requirement.
It could be argued that rather the 17 to 19 % highean values of the equivalent flexural
tensile strength parameters than the characteviatiees are decisive for failure modes
involving longer cracks. Thus, considering the aliéint conservative assumptions in
terms of soil stiffness and moment capacity of skab, the calculated safety level is
acceptable.

Shrinkage stresses have not been considered,thi@y are generally small close to
edges and corners of slab panels. Furthermore ctreype neglected if they are released
(distributed) over a larger number of cracks aghm critical case 4. Case 1 and 2 are
uncritical and case 3 with considered load diffeemnbetween neighbour racks of 100 /
0 % is very unlikely.

Shear capacity (punching)

The shear capacity of the SFRC slab is 216 kN/mcRing is verified in a perimeter
distance of 1.5 times the height of the cross gedtl.5 x 0.4 = 0.6 m) from the loaded
area. The verification for a single rack load andow of 4 rack loads by a simple,
conservative hand calculation without consideratbthe soil support is shown in Fig.
14. It is found that punching is not a problem.
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Fig. 14: Verification of punching of the slab.

Deformation limitations (SL S)

The racking system supplier required a limitatiodntlee deformation induced slab
inclinations in the serviceability limit state (SL3o 5-10°. This corresponds to

differential slab settlements of 5 mm in 10 mewesa corresponding horizontal rack
displacement of 20 mm in 40 m height. The reasothi® strict requirement is to ensure
precision and thus optimal performance of the sackanes.

This requirement is verified by an elastic caltola First, the expected long-term
average load level of 80 % in the warehouse isidensd by applying a uniform load
level of 0.8 x 250 = 200 kN in a drained calculatgtep. Afterwards, short-term load
differences are considered by a stepwise increfatbe doads in one area to 100 % and a
simultaneous decrease of the loads in the neigirigpareas to 60 % assuming undrained
conditions. Fig. 15 (left) illustrates the invesiigd scenario. The corresponding slab
displacements are illustrated in Fig. 15 (rightheTmaximum slab inclination reaches
5-10" at approximately 32 % load difference. It is ualikthat such a load difference will
be reached or exceeded.

.
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Fig. 15: Analysis of short-term load differences betweeghtgour racks. Layout (black dots: from 80 %
to 100 % rack load, grey dots: from 80 % to 60 %kréoad) and magnified displacement plot.

The maximum bending moments in the slab for 10@&4 llevel are approximately 80
kKNm/m, corresponding to a flexural tensile streks & M/W = 3.0 MPa. Shrinkage
stresses in the slab can be estimated with an eaformula
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where ¢ denotes the friction parameter soil-cobcileis the distance between joints, G is
the slab weight and h is the slab height. Based=of (full friction), max L=36 m, G = 9.6
kN/m? and h = 0.4 m, the shrinkages stresses are egpedse 0.43 MPa. Comparing the
maximum flexural tensile stress, shrinkage strassflaxural tensile strength 3.0 + 0.43 <
flan = 4.021 MPa, it is concluded that cracking of ke under service load is unlikely.
According to Fig. 9 to 12 there is a smooth st#feegradation after the onset of plastic
deformations (cracking), i.e. the elastic stiffnegsild still be a good approximation even
for load levels slightly above the cracking loadele Therefore, an elastic calculation has
been suitable for the verification of slab inclinas.

Shear dowels
The maximum shear forces in the joints have beendan case 3 (120 kN/m at load level
250 kN). The dowels have been designed using tineuia’

I:u = 250ds fyk fc,cube (7)

which is based on experiments. In this formula(NP denotes the shear capacity of the
dowel, d (cm) is the dowel diameter, {MPa) is the yield strength of the dowel material
and t cune(MPa) is the compressive cube strength of theredecUsing 50 cm long steel
dowels with a diameter of 2.5 cm, a yield strerfgti+ 240 MPa and a dowel spacing of
25 cm, a safety factor of 5 is achieved, whichasommended to limit the dowel
displacement to 0.005 ¢ 0.125 mm.

CONCLUSIONS

The combination of conventionally reinforced conerto take the wind loads from the
bracings in the gable areas and steel fibre raetbconcrete in the inner part had been
chosen as an optimised solution for the foundatiah of the high bay warehouse. Based
on flexural strength parameters derived from beamding tests, it has been found that
the bending behaviour of the SFRC slab can be adelgudescribed as elastic-perfectly
plastic. Motivated by this fact, the bearing capaof the slab has been verified by 3D
finite element calculations, in which both the slabd the soil are modelled as
elasto-plastic and in which the soil-structure iatéion is appropriately considered. The
calculated stress distributions in the soil anddweétion patterns of the slab have been
used as input for comparative calculations basedrauitional yield line theory. The
results of both methods show satisfying agreem&hé FE calculations provided a
consistent approach not only to study and verigtibaring capacity for different loading
situations, but also to verify the slab deformadi@md to determine the relevant shear
forces for the design of the shear dowels in ti@go Punching of the slab was verified
by simple hand calculations.
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