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1. SUMMARY

Ferrocement is a type of reinforced concrete using closely spaced multiple layers of mesh
and/or small diameter steel rods, completely infiltrated with, or encapsulated, in mortar. One
of its most common applications is the manufacturing of shells and plates of small thickness,
which are prone to buckling. Besides the geometrical nonlinearity, the effect of cracking
causes great material nonlinearities, further complicating the study of such structures. In this
paper the behavior of a slender ferrocement plate stiffened by a grid of I-profile steel beams, is
investigated through detailed three-dimensional finite element models. The composite
ferrocement plate, which consists of a repeating 5x5 m base unit, is subjected to in plane axial
loading. Four cases are investigated regarding the thickness of the skin, 20mm, 25mm, 30mm
and 35mm respectively. Following the guidelines of the relevant Eurocodes, first a linear
buckling analysis is performed that, besides providing the elastic buckling capacity of the
plate, also helps determine the boundary conditions that must be applied at the base 5x5 m unit
in order to reduce the size of the model. Then, a set of geometrically and materially nonlinear
analyses with initial imperfection according to the predominant buckling shapes, as calculated
by the buckling analysis, provide the ultimate axial load carrying capacity of the structure.

2. INTRODUCTION

Ferrocement, as defined by the ACI committee 549 [1], is a form of reinforced concrete that
uses as reinforcement multiple layers of closely spaced steel meshes of small diameter. As



ferrocement is the predecessor of conventional reinforced concrete (R/C) there are many
similarities between the two materials and the general guidelines and standards regarding R/C
structures also apply in the ferrocement ones. However, the distinct differences in their
behavior should be taken into account during the analysis and design of such elements. As
Naaman [2] mentions, in contrast to R/C, ferrocement elements are usually of small thickness
(15 to 25mm). Reinforcement is distributed throughout the thickness in both directions, with
typical reinforcement ratios that are a lot higher than those of conventional reinforced
elements (2- 8 % total or 1 — 4 % in each direction). These facts lead to elements with high
tensile strength (of the same order as the compressive one), high ductility that, unlike in R/C
elements, increases with the increase of the reinforcement ratio, homogeneous-isotropic
properties in two directions and high punching shear resistance.

Due to the above mechanical characteristics one of its most common applications is the
manufacturing of shells and plates of small thickness used as facade and roofing systems. In
many cases ferrocement elements are not just architectural free-form decorative elements but
are also a part of the structural system. In these cases the shells and plates are usually stiffened
as they are called to carry substantial in and out of plane loads. However, due to the small
thickness of the skin buckling failure may occur. Moreover, besides the geometrical
nonlinearity, the intrinsic issues of cracking in cementitious composites, cause great material
nonlinearities to arise making the study of such structures even more complicated.

In this study such a stiffened plate structure prone to buckling is investigated. The stiffeners
are considered to be steel I-profile beams while the skin of the plate is considered to have a
variable thickness ranging from 20 to 35mm. As nowadays detailed guidelines and regulations
regarding ferrocement structures do not exist, the analysis is based on the general provisions
of the relevant regulations, such as Eurocode 2 and 3 [3][4][5][6], which involve both
materially and geometrically nonlinear analysis. Section 3 describes the structure under
investigation, the formulation of the numerical model and the analysis procedure. Section 4
summarizes the properties of the materials used in the analyses of the structure, while Section
5 demonstrates the results of the analyses. Finally, Section 6 provides a discussion of the
results and the conclusions of the investigation.

3. THE STRUCTURE UNDER INVESTIGATION

The structure under investigation is a ferrocement plate stiffened by the means of a grid of
steel beams. The plate consists of a repeating 5x5 m base unit, the geometry of which is shown
in Figure 1, and is supported in a rhomboid pattern every 2.5 m. Along the x direction the plate
is stiffened by a HEB160 beam every 2.5 m while along the y direction a IPE160 stiffener
exists every 1.25 m. Four cases regarding the thickness of the plates were investigated, 20, 25,
30 and 35 mm respectively. The reinforcement of the skin comes in the form of steel meshes.
Figure 2 shows the reinforcement pattern of the cases investigated.
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Figure 1. Base 5x5 m unit. Figure 2. Reinforcement patterns.

The elastic-plastic resistance of the structure was determined by a FEM analysis. The relevant
regulations for such analyses are included in Annex C of EN1993-1-5 [5] and §8.7 of
EN1993-1-6 [6], depending on whether the structure is a plate or a shell. The methodologies
described in the framework of the two regulations are similar and involve a series of linear
buckling analyses (LBA) and geometrically and materially nonlinear analyses of the imperfect
structure (GMNIA) and the only significant difference is found on the amplitude of the
assumed initial imperfections. The LBA is used to determine the elastic critical load as well as
the shape of the initial imperfections for the GMNIA. In this study, as the structure consists of
a repeating 5x5 m unit, the LBA is also used in order to determine the boundary conditions
that apply on the edges of this base unit (symmetry or antisymmetry) so that the computational
model is reduced.

The structure was modelled and analyzed through the nonlinear FE analysis software MSC
Marc [7], using four-node thick shell elements. For the nonlinear analysis, the reinforced
ferrocement skin was modelled by the use of composite layered shells rather than by the use of
the more traditional method of combining shell and beam elements, as the first modelling
technique has many advantages. First, there are less mesh limitations as, in contrast to the later
modelling method, there is no need for beam elements simulating the reinforcement rods and
shell elements representing the matrix to be combined at common nodal points. Next, the
position of the reinforcement layers can be accurately and easily simulated with no need of
introducing beam offsets or rigid links and thus the bending behavior of the ferrocement skin
can be captured efficiently. The layers representing the matrix are isotropic while the ones
representing the reinforcement meshes are orthotropic with stiffness only along the direction
of the rods they represent. The models were solved using a Full Newton- Raphson iterative
procedure and the convergence testing was based on the residual forces.

4. MATERIAL PROPERTIES FOR THE ANALYSES

The matrix of the ferrocement skin was assumed to be a cementitious mortar with strengths
similar to those of grade C60/75 concrete. For the needs of the nonlinear numerical analysis,
the material behavior was based on the recommendations of EN1992-1-1 §3.1.5 [3], taking
into consideration the provisions of §5.8.6(3) regarding nonlinear second order analysis. The
design values for the ultimate compressive and tensile strength were used ( f,, =40 MPa,



f.q =2.066 MPa) thus, the design axial capacity can be directly calculated. As §5.8.6(3)
suggests, the modulus of elasticity E_ was reduced by the material partial factor on the
elastic modulus for buckling analysis ». =1.2 resulting to a design value for modulus of
elasticity E, =E_, /7. equal to 32.5 GPa.

The material properties of the grade B500c reinforcing steel were based on the provisions of
EN1992-1-1 [3]. The behavior of the material was considered to be elastic perfectly plastic
with a yield plateau at 435 MPa and the modulus of elasticity was considered to be 200 GPa. It
should be reminded that the material representing the reinforcement layers was considered
orthotropic with stiffness only along the direction of the reinforcing rods as the modelling
technique by composite layered shell demands.

The material properties for the used S235 structural steel were based on EN1993-1-1 [4]. The
material was considered isotropic with an elastic-perfectly plastic behavior without strain
hardening. The modulus of elasticity E was considered to be equal to 210 GPa, while the

design value of the yield stress fyd was taken equal to 235 MPa.

5. RESULTS
5.1 Linear Buckling Analysis

For the LBA, the loading was imposed as “edge load” on the edges of the outer shell elements
in such a way that load eccentricities are minimized. Originally, a 15x15m model with the
central 5x5m region loaded was analyzed. The outer spans provide stability and prevent the
development of misleading buckling modes localized at the edges of the model. After the
determination of the predominant buckling mode by the 15x15m model, a 5x5 model with
proper boundary conditions on its edges was analyzed, as it is common in similar research [8].
As mentioned in the relevant literature [9], the main buckling modes of the stiffened plates are
local, global and mixed ones. Figure 3 presents the buckling modes produced by the linear
buckling analysis of the four cases investigated in this study as well as the boundary
conditions that were applied at the edges of the 5x5 m unit. Table 1 summarizes the results of
the above numerical analyses regarding the buckling modes and loads.

Plate Loading Mode 15x15m model 5x5m model Plastic axial
thickness | direction (KN/m) (KN/m) capacity (KN/m)
20mm X Local 815 556,9 1570
20mm y Local 1772.5 1235 1435
25mm X Local 1358 905.1 1847
25mm y Local 3092 2103 1712
30mm X Local 2101 1380 2125
30mm y Global -* 2981 1990
35mm X Local 3070 2061 2402
35mm y Global 7160 * 3236 2267

* Due to the presence of the outer spans a local buckling mode arises.
Table 1. Buckling modes and loads.
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51  Geometrically and materially nonlinear analysis

Having determined the predominant buckling modes (local and global) as well as the
boundary conditions that apply on the 5x5 m base unit, imperfections were incorporated at the
initial geometry of the model according to the buckling shape. EN1993-1-5 [5] recommends
the maximum magnitude of the initial imperfections (out of plane) to be 1/200, resulting to

25mm for the global mode and 12.5mm for the local one. As the weak x axis has a lower load
carrying capacity, the nonlinear analysis is focused on this direction.

In order to capture the post-buckling response, the analyses have to be displacement
controlled. Thus, the loading was imposed in the form of axial displacement along the first
internal plane of symmetry, reducing the model to 3.75x5 m (“Type 1 analysis). As this
analysis allows the redistribution of the load after the buckling of the skin, a second type of
analysis was carried out on the 5x5 m model that was load controlled (“Type 2” analysis).
Finally, as after the buckling of the skin a global failure mode is possible, a third 5x5 m model
was analyzed (“Type 3” analysis) that had boundary conditions corresponding to the global
buckling mode and both local and global imperfections (12.5 and 25mm respectively). Figures
4 to 7 demonstrate the response of the four stiffened plates. In “Type 1” analyses the models
reach axial loads well above the elastic local buckling due to the fact that after the buckling of
the plate, the structure still has the ability to undertake further loading through the stiffeners.
Figure 8 demonstrates the reaction of the nodes of the loaded edges at different increments.
After a certain point the skin buckles losing its ability to carry additional loads and thus any
extra load is carried thought the stiffeners. In “Type 2” analyses (load controlled) load
redistribution cannot take place, therefore the structure cannot undertake any extra load after
the buckling of the skin. Finally, in “Type 3” analyses, the structure buckles locally and then



passes to a stable post-buckling path until it fails due to the yielding of the stiffeners and not
due to global buckling.
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6. DISCUSSION AND CONCLUSIONS

The analysis of the structure at hand identified that two are the predominant buckling modes:
local buckling of the ferrocement skin between the steel stiffeners, and global buckling of the
whole structure between out of plane supports. Table 1 demonstrates that local buckling
results in lower elastic buckling loads, below the axial plastic load carrying capacity of the
stiffened plate. The geometrically and materially nonlinear analysis of the structure however,
demonstrates the ability of the structure to carry load beyond the load corresponding to the
local buckling of the skin, through stress redistribution. If full load redistribution can develop,
the plate can still carry load after the buckling of the ferrocement skin, reaching about 44% of
its axial capacity, as was the case in all four thicknesses investigated. The aforementioned load
corresponds to the combination of the elastic-plastic buckling resistance of the skin and the
plastic compression capacity of the steel stiffeners. In cases were the aforementioned
redistribution mechanism cannot develop, caution is needed by the designer as the ultimate
axial load of the structure drops to the elastic-plastic buckling resistance of the skin.
Moreover, special care should be given to the satisfaction of the serviceability criteria, as after
the buckling of the skin the out of plane displacements may be beyond the acceptable range.
Finally, the set of analysis with global buckling boundary conditions and both local and global
boundary conditions demonstrated that no significant interaction between local and global
buckling appears, and in some cases the above analyses led to a higher ultimate strength of the
structure, possibly due to the high initial imperfection sensitivity of the problem at hand.
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IHEPIAHYH

To ferrocement &ivai £vag TOTOG OTAGUEVOD GKVPOSEUOTOS TTOV OTTOTEAEITOL OTTO TTOAAOTIAEC
OMMGKEG OTPAGELS YGAVPa PikpnS StUETpov, oL eival TANPOG EYKIPOTICUEVES GE KOVIOLULOL.
Mo omtd g mo ocvvnbiouéveg epapuoyéc tov ferrocement givor oty KOTOOKELT AETTOV
KEAQOV Kot mAOK®OV mov eivan emppenels oe Avywopd. Extog amd ™ yeoperpwkn pn
YPOUUIKOTNTO, TO QOIVOUEVO TNG PNYLATOONG TPOKOAEL £VTOVY] UM YPOUUIKT) GUUTEPLPOPA
TOV VAIKOV, SuoyePAivOVTAG OKOUN TEPIGGOTEPO TNV UEAETI] OLTAOV TOV KOTOAGKELMOV. 21N
TOPOVCH €PYOCIO HEAETATOL WHECH TPLGOIAOTATOV AETMTOUEPDY HOVIEAWDV TETEPAUCUEVOV
otoyeimv po tétolo Avynpn midxa amd ferrocement, evioyvpévn kot ot dvo devbvveelg
and oxdpo LETAAMK®V dok®V dtatoung outhov T. H odppeiktn mAdka, mov amoteAeitol amd
o emavoAiopfovopevn povado 5X5m, vmdkertar oe €vIOE EMITESOL OEOVIKO  PopTio.
Meletdvtal TE6GEPIG TEPUTTAOGELS CYETIKA LE TO Thy0og TG TAdKAG, 20 k., 25 yih., 30 A
kot 35 k. avtiotoyyo. AxolovBdviog Tic odmyieg tov oxetik®v Evpokwdikwv, apyikd
TPOYLOTOTOEITOL YPOUUIKT] aVOADGT ALYIGHOU 1 omola, €KTOG Omd TO VO TPOCPEPEL TO
eMaoTikd @optio Avyiopov, Ponbdel 6TovV TPOGIOPIGHO TMOV GLVOPLIKAOV CLVONKOV OV
TPETEL VO EPOPUOGTOVY GTO. AKPO TNG Pacikng SXS5 povadoc wote va pewwbdel to péyebog tov
VTOAOYIOTIKOD LOVTEAOD Y10 TNV EQAPLOYT TOV UN-YPOUUIKOV avaADGE®V. AKOAOVO®S, HEGM
LG OEPAC U YPOUUIKAOV OVOADCEDV WE OPYIKEG ATEAEIEC COUP®VA UE TNV 0gomOlovca
WoHopeN AVYIGHOV, OTIMG 0VTH VTOAOYICTNKE A TNV OVAAVOT AVYIopoD, TpocsdlopileTar 1
HEYIOTN AEOVIKN OVTOYN TNG KOTOOKEVTC.



