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Abstract:

Bruil beton & mix is specialized in the production of concrete for all kinds of applications.
In the past years, Bruil has developed a new, exciting technique that has revolutionized
this sector: production of prefab elements using concrete 3D printing. This development
offers architects a completely new scala of design possibilities in form, colour, and struc-
ture. 3D printing starts with a digital 3d model of the object. From this 3D model a print
path is created, based on the required layer width and height. Code based on the created
print path, will steer the movements of the concrete printer. Using these movements to
deposit concrete at the right locations, the 3D printing process thus results in a printed
concrete object. There are several difficulties with 3d printing of concrete. One of them
is that concrete is a material of which the properties change during the drying process.
Furthermore, these properties quite strongly depend on external conditions. Therefore,
in practice there are many variables that influence the printing result and thus determine
whether a print will be successful: material properties, environmental conditions, rheol-
ogy, the shape of the growing object, print speed etc. Second, not all structures dreamt
up on the drawing table can be easily produced with 3D printing. During the printing
process the emerging structure could start to bend, collapse and/or deform, depending
on geometry and material properties. So, the drying process and the printing process
should be fine-tuned, to allow for efficient, fast, and reliable production of 3D objects.
In this report we first present some checks on printability that are easily implemented in
practice. Then, we dealt with the question whether the stress profile during the printing
process fulfils the condition that the developing structure does not collapse under its own
weight. To answer that question, we study a variety of different approaches to calculate
the stress profile. These approaches range from several approximating analytical methods
to numerical simulations. The conclusion is that for simple geometries, such as a tilted
wall, analytical, explicit formulae can be used to check stress conditions, but that for
general geometries a numerical approach, based on, e.g., a finite element method, is
indispensable.

KEYWORDS: 3D-printing, concrete, stress conditions, perturbation method, finite ele-
ment method
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1.1 Introduction

3D printing of concrete is a recent breakthrough in the construction world. In the tradi-
tional approach of building with concrete, the fresh material is poured in a form work,
that has been designed according to the required final shape. After a drying period in
which the concrete hardens, the form work is taken away and a solid structure results. In
contrast, 3D printing is a completely different concept. The fresh material is extruded via
a nozzle in a continuous way. The extruded material forms a flexible thread of concrete
that is laid upon or against earlier layers. By steering the spray head along a well cho-
sen, predefined path, all kinds of shapes can be formed. The 3D printing technique has
revolutionized this sector, since it allows for many new applications of concrete. It offers
architects a completely new scala of design possibilities in form, colour, and structure.
See for example figure section [L.1}

Concrete companies like Bruil apply 3D printing already in practice, but are faced
with several challenges. One of the possible problems that may arise stems from the
fact that concrete changes its properties while hardening. For example, a layer that is
being extruded has other properties than the layer on top of which it is deposited. If the
differences are too large, it may happen that the neighboring layers do not neatly stick to
each other, with as result that the structure of the final object is not completely uniform.
Another complication may be that the bottom layers are not hardening fast enough to
bear the layers above them. In that case the bottom layers will start to flow side wards
and the whole construction will collapse. Still another source of problems may be that,
while under construction, the centre of gravity of the construction shifts every time a new
layer is added. This may cause the object to topple.

All these aspects force the constructor to carefully design the printing process: the
printing process should be fine-tuned such that it allows for efficient, fast, and still reliable
production. In this report we deal with a number of sensitive aspects of the printing
process. In section 2 we discuss the minimum requirements to be satisfied while printing.
The speed of the printing head when hovering over the object under construction and
the rate of deposition should be chosen not too low on the one hand, since otherwise the
concrete is already hardening too much in the printing head, but on the other hand not
too high since then the preceding layers are not yet hardened enough. In building up
a tilted object layer by layer, its centre of mass should remain positioned such that the
object will not topple. In section 3 we pay attention to structural analysis checks: does
the hardening process remain under control so that the construction does not collapse
under its own weight. We analyse the stress equations in several ways. First, they

are implemented in a Finite Element Package and evaluated on the computer. The
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advantage of this approach is that this allows the analysis of all kinds of shapes. On the
other hand, computer simulations may be costly and do not always converge. Second,
in a complementary endeavour, we follow a number of analytical approaches to solve
the stress model equations for special shapes in an approximating way. The results give
rise to new insights, that would not have been obtained if we had stuck to computer
simulations only. This is especially advantageous for the printing daily practice, since
in the procedure of designing the printing process one is often particularly interested in

rules of thumb.

We conclude this report with formulating a set of recommendations. These are partly
very practically oriented, but we also advocate to involve computer simulations of the
stress and strain profiles of the material into the preparation of the printing process,
since only such an analysis can yield definite answers if non standard shapes have to be

printed.

Figure 1.1: Example of 3D printed concrete object (copyright Bruil).
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1.2 Direct printability checks

In this section we formulate some printability checks that can easily be performed once
the path of the printing head and the concrete flow rates have been chosen for a specific

geometry.

1.2.1 Flows and rates
Fundamental printing path parameters, to be set by the user:
e p: Flow rate,
e h;: Layer height,
e w;: Layer width,
e [;: Layer path length.
In addition, we have
e [;: Layer path length,

which follows from the geometry under consideration.
We consider 4 checks:

1. The flow rate should be such high that the concrete does not dry while still in the

hose. This can be simply expressed as
P 2 Pmin - (11)
2. The hose has a maximum flow capacity. This can be simply expressed as

P < Pmax- (12)

3. The concrete should form a homogeneous mass and should not exhibit stratification
(layering) which compromises structural integrity. The most natural expression of
this constraint is that the time between layers should be below a certain value .y,
typically 2 minutes. During the printing, it is not possible to wait between layers,
as this produces geometrical artifacts not acceptable for design purposes. The time
per layer is therefore

volume per layer

ti | = 1.3
ime per layer —— (1.3)
This leads to the condition bl
iy (1.4)
P
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4. The concrete should be solid enough to support the layers on top of it. This
questions can be considered very generally as a structural analysis problem, and
is treated as such in section [1.3] However, for simple geometries like a straight
column, a check can be formulated in terms of the 4 fundamental user settings used
above; see Perrot [2]. He proposes as criterion that the height rate at which the
structure grows, should be below a certain value H, typically 1.5 meters per hour.
The height rate can be related to the layer height and time per layer. This condition

can be written as:

P
—<H 1.5
Lo<m (1.5

but we emphasize that this criterion will certainly not hold in general.

1.2.2 Centre of mass

Since the printed structure is not attached to the floor in any way, the centre of mass
must lie above the convex hull of the base. The centre of mass can be computed cheaply,
for every desired time (e.g., per layer) as shown below.

Assume a possibly time-dependent flow rate p(t), with the concrete being deposited
at a point (z(t),y(t), 2(t)). Then the total volume V(¢) is given by

V(t):/o p(T)dr, (1.6)

t t
o) = 1 [ oner)ar, 50 = o5 [ omuiniar. (1.7
0 0
For a small time increment dt,

V(t+ot) = V(t)+ p(t)dt

and
1 t+ot 1
T(t+ 0t) = ———— d ~—————(V(t)x(t t)x(t)ot).
H+0) = g [ AT & G (VO + o005
Taking measuring time points g, t1, ..., and writing 6t,, = t,,.1 — t, we may thus simply

follow the centre of mass coordinates in time by evaluating the update formulae

V(tn+1) ~ V(tn) + p(tN)étn ’
V(tn)Z(tn) + p(tn)z(tn)o0t, V(tn)y(tn) + p(tn)y(tn)ots ' (1.8)

T(tpgr) = Vitwes) o G(tayr) = Vitnes)
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It would also be possible to obtain more accurate estimates using higher-order integration
methods such as Simpson’s rule, but taking 6t small is probably enough to obtain good

accuracy.

As mentioned in the beginning of this section, the center-of-mass should be in the
convex hull of the support not to topple. However, when on the boundary of the convex
hull, one can expect all of the weight of the structure to be concentrated on a tiny portion
of the support, which makes a structural failure more likely. One could shrink the support
a certain amount to improve stability. A relationship between the height/mass of the
structure and how much to shrink the support can probably be derived.

The center-of-mass makes for a nice bridge to more fundamental structural analysis,
as center-of-mass is already a matter of balances of forces. We finally remark that one
could use the lateral force required to topple the structure and calculated in a stress

analysis, as another way to get some margin on the center-of-mass check.

1.3 Stress checks

In this section we discuss the printability restrictions that follow from the stresses in the
drying concrete. To calculate the stresses at equilibrium we have to solve the so-called

stress equations for the stress tensor o with components:

Ozz Ogzy Ogz
o= |0 Oy 0yp |- (1.9)
Ogz Oyz Oz

At equilibrium, the stress satisfies
V.o=—-f, (1.10)

where f is the force density in the body. Under gravity, f = pge,. The acceleration of
gravity g has the value g ~ 9.81m s~ 2. The boundary conditions for a free surface with
normal n are n - o = 0.

The units of stress are Nm=2 = kgm~'s72.

The most important insight to be taken into account is that drying concrete has a
yield stress that depends on the drying history of the material and thus on time. Note

that in a pile of several concrete layers, each of which deposited at a different time, the

7
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yield stress varies per layer and in time. As long as the local stress remains below the
local yield stress, the concrete will stay at rest, not flow and thus not deform. When one
concrete layer has been deposited, the material will have a certain stress distribution.
In general the stress will be highest at the bottom and lowest (maybe vanishing) at the
top of the layer. In the next round of printing a new layer will be deposited on the first
one. This will change the stress distribution in the first layer. At that moment the stress
distributions in the first and the new layer have to be calculated and it should be checked
whether the maximum stress remains below the yield stress everywhere. If a third layer
is deposited, the stress check has to be repeated but now for three layers. And so on for
an arbitrary number of layers. If at some moment in time at some point in the material
the stress condition is not fulfilled, the printing procedure will not lead to a robust build
up of the desired geometry. These stress checks can be applied before printing starts,
through simulation of the stress distributions in space and time on the computer, together
with keeping track of the time and position dependent yield stress distribution. In the
subsections below we show how the required stress calculations can be done for a variety
of geometries. We first show results from numerical (computer) simulations. Thereafter

we also present results from analytical approaches.

1.3.1 Numerical approach

The holy grail for this problem would be a simulation that takes the 3D printing model
as input and a True value as output if the structure is printable and a False value as
output if the structure is not printable. This section is proposing a way to simulate the
printing part with the 3D printing model as input.

For large scale production, with structures that are not the same, every structure needs
to undergo these checks. Importantly, a calculation time longer than ten minutes is not
desirable.

For the FEM simulations, we used the MATLAB PDE toolbox.

Modeling approach

When concrete is stiffening, a change in the elasticity modulus is expected. The concrete
comes out of the nozzle already stiffened up, but still wet enough to merge with the
neighbouring layers as described in section [1.2.1]

We do not know what the elasticity modulus is over time, so a couple of checks have
been made. For three types of structures the simulations have been run with different
Young’s Modulus. As seen in fig. [1.2] the Young’s modulus has no effect for these struc-

8
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Figure 1.2: Comparison of the Z-stresses for different Young’s Moduli for various struc-
tures.

tures. Whether the Young’s modulus is down or up a factor of two, the results are the
same.

This makes the problem time invariant and only height variant. To simulate layering,
we varied the z-coordinates before meshing. This required making a new mesh every iter-
ation and this is very computationally expensive since calculation time per iterations will
increase exponentially with mesh size. A possible solution will be proposed in section [1.4],
but for the present simulations we didn’t apply this idea yet.

The boundary condition applied at the bottom of the object deserves special atten-
tion. The concrete object does not stick to the table. A realistic boundary condition
for the contact between the table and the concrete would be hard contact, which allows
pushing (positive normal stress) but not pulling (negative normal stress). Such a bound-

ary condition is very challenging computationally, as the problem is no longer linear.



Proceedings of the 148th European Study Group Mathematics with Industry

Moreover, the MATLAB PDEtoolbox does not have this feature. More specialized FEM
packages like ANSYS allow for such boundary conditions by modelling both the support
and the contact. If such a boundary condition is used, toppling of a structure (like in the
center-of-mass checks) can also be derived from the structural analysis. In the ANSYS
best practices manual, this is referred to as ‘lift-off’. When the center-of-mass is outside
of its support, there is no feasible distribution of stresses that does not have a normal
stress at the table/concrete interface.

Another aspect is the shear stress at the bottom. Since there is friction between table
and object, few shear stress will not cause the object to shift. Much shear stress, however,
will lead to a shifting object. It is not clear what the critical shear stress is for drying
concrete, so we could not specify it. In our calculations we assumed the object to be
rigidly fixed to the table:

u(z,y,0) =0, (1.11)

where u(x,y, z) is the displacement of the object. This boundary condition was easy to
implement within the MATLAB PDE toolbox.

Numerical solution via the finite element method(FEM)

The results of the FEM simulation are given in fig. [I.3] where the final, steady state stress
distributions are shown. The computational times are given in table [I.I} These results

can be checked via comparison with results from analytical approaches in the subsections

below.
Structure Computing time
Straight Beam 31 seconds
Tilted Beam 32 seconds

Hollow Cone No layering simulation has been done

Table 1.1: Computing time for different structures. The computing time is the time it
took to simulate the layering using MATLAB.

1.3.2 Analytical approaches

As solving stresses from a full Finite Element model is computationally rather expensive,

in this section we explore analytical approaches to approximate stresses throughout the

10
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(a) FEM result for a straight beam. (b) FEM result for a tilted beam.

(¢) FEM result for a hollow cone.

Figure 1.3: FEM steady state results for different kinds of structures.

geometry. Here, we derive analytical formulae for simple geometries. We emphasize that
the present lines of thought are by far not yet complete, in view of the limited time that
spanned the SWI 2019, but are meant to inspire further research. The results can be
used to check the numerical results, but the insights may also be used to find rules of
thumb for general geometries. We start with the simplest geometry, a straight wall, and

incrementally move to more general geometries.

Buckling check

Three basic cases of straight wall structures were considered in a recent paper of A. Suiker
[5]. We elaborate on the results of this paper concerned with elastic buckling by relating
them to some basic results of catastrophe theory and outlining hypothetical analogous re-
sults on elastic buckling of wall structures of a slightly more general type described below.
To this end we rely on the rigorous analysis of buckling of thin rods (Euler buckling) and

thin elastic membranes given in the fundamental monograph of T.Poston and I.Stuart [6].

Consider the model of 3D printing of a rectangular wall used in the paper of A. Suiker.
The wall is given by a rectangular, heterogeneous plate of length L, width b and thickness

h subjected to in-plane forces acting in the mid-plane of the plate. It is assumed that

11
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this wall is produced by a 3D printing process, with linear curing function, applied in
the direction of length L (i.e., L should be considered as the height of wall) which is

characterized by the following parameters:
e constant wall growth velocity in vertical direction I* = Q/(hv,T}),
e the initial bending stiffness D = (Eh?)/(12(1 — ~?)),
e dimensionless parameter u = pg(h/D)(I* /),

where () is the material volume delivered by the nozzle per unit time, vy, is the horizontal
velocity of the nozzle, T; is the time needed for printing one layer, p is the volumetric
mass density, g = 9.81m/s? is the gravitational acceleration, v is the Poisson modulus of
material considered, F is the initial stiffness modulus, ¢ is the curing speed of the linear

curing process. More detailed descriptions of the above quantities are given in [5].

As was shown in [5], both elastic buckling and plastic collapse can happen in this
process and a criterion of the possible failure mechanism can be expressed in terms of
geometrical, material and printing process data. Using the aforementioned data one
can algorithmically calculate dimensionless quantities L., L, and A and formulate the

following criteria:
e elastic buckling happens if L./L, < A,
e plastic collapse happens if L./L, > A.

Here A = (h/D)'3|o|(pg) /3, where o is the yield strength of material. The explicit
formulae and computational algorithms for L. and L, are given in Eqs. (75), (91), (92),
(94) of [5] .

Our first observation is that these criteria agree with the classical results on buckling
of thin rods and elastic membranes given in Chapter 13 of the monograph [6]. To this
end notice that, for small values of thickness h, the plate (wall) under consideration can
be approximated by an elastic rectangular membrane of length L and width b so that
membrane can be considered as a limit as A — 0. Analogously, if both h and b tend to
zero in a commensurable way, then the limiting object can be identified with an elastic
thin rod of length (height) L. Then it is easy to verify that the above criteria agree with

the classical criterion of Euler buckling described in [6].

12
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Our second observation is aimed at obtaining similar results for vertical walls over
more complicated horizontal bases. To this end consider a vertical wall W (X, L, h) of
height L and thickness h obtained as a tube of radius h/2 around a vertical plate of
height L over a circular arc X of length b and curvature K in the horizontal plane. Such
an object gives a natural generalization of the rectangular wall discussed above.

For such a circular wall, repeating the analysis given in [5] is easy. It yields that the
condition for plastic collapse remains the same as for the rectangular wall considered
above. The situation with elastic collapse is more interesting. For some models of 3D
printing process, there exists numerical evidence that the curvature influences the critical
height for elastic buckling by making it bigger than in the flat case. We are unable to
give a rigorous proof of this fact and to give a hypothetical formula for the increase of
critical height in terms of the curvature K. Elaborating on the influence of curvature of
wall profile is an interesting mathematical challenge and, moreover, may appear useful for
analysis of mechanical performance of 3D printing processes for walls over more general

planar profiles.

Analytical approach: tilted wall with linear vertical normal stress variation

We consider a tilted wall of width w, angle 6 with the vertical, and total height h, and
try to approximate the stresses at any intermediate height. We make the following two

assumptions:
1. Only 0., is non-zero. All other stresses are zero.
2. 0., varies linearly across the width at a certain height: o,.(x, z) = a(z)x + b(2)

Note that both assumptions hold for the non-tilted wall. A rationale for the second
approximation comes from the fact that the thickness of the printed wall will be small
compared to the other dimensions (length and height of the wall). Inspiration was drawn
from somehttps://www.overleaf.com/project/5c63d9969a586b5c02a038ad figures in [I].
To derive approximate values for the vertical normal stress throughout the tilted wall,
we consider a cross-section at a certain height, as in figure h is the height of the part
of the wall above this cross-section. According to the assumptions, the vertical normal
stress varies linearly. The entire profile across the cross-section is therefore described
completely by the two variables f;, and fr. We now require that the block of material
above the intersection should be in static equilibrium: both the balance of forces and the
balance of moments should be zero. This leads to two equations that are linear in f7 and

fr- This system with 2 unknowns and 2 equations can be easily solved for f; and fg.

13
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w

Figure 1.4: Approximate model diagram for the tilted wall.

The balance of forces reads

/zR f(z)dr =mg, (1.12)

with xg — 27, = w. The forces at the interface need to counteract the gravity on the mass
above the interface. Note that this mass is z-dependent: m = pw(h — 2). f(z) = 0., is

the force at any point across the thickness:

fr—JL
w

flz)=fo+ (x —zp). (1.13)

The balance of forces can be formulated about any point. We choose z:

TR
|t ds =mg-wo (114)
L
with zcons the z-coordinate of the center-of-mass of the upper section. This leads to

Toom = % + (h — 2) - tan(h). (1.15)

Rewriting the integrals in equations (1.12)) and (1.14) in terms of f; and fr yields the

linear 2 x 2 system:

Jut Jn =272 = 2pg(h - 2), (1.16)

fo+2fp =628 2CM, (1.17)
w

14
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Solving for f; and fg yields:

1 = pg(h — 2) (1 _ghzz tan(e),) (1.18)

w

fr=pg(h—2) (1 + 3% : tan(Q).) (1.19)
These equations correctly reduce to the straight wall conditions for which § = 0. With
6 > 0, fgr now increases non-linearly with A — z, which has been also observed in the
numerical FEM results. While fr will be strictly positive for 8 > 0, we see how f; can
switch sign, indicating tensile stresses (inward/upward normal stress) in the material.
Due to the tilt, one side of the wall experiences a downward pushing’ force, whereas the
other side experiences an upward ‘pulling’ force to compensate. Moreover, we observe
that the non-linear term also has a dependency of %, which can also be understood intu-

itively: thin walls have a stronger push-pull action.

We compare the analytical results from this approximate model with the numerical
results obtained earlier in figure [1.5| The stresses of the FEM mesh are plotted as a
scatter plot. The stresses at the left and right faces are extreme (for a given height),
so the modeled fr and f;, should match the upper and lower envelopes. We observe
the correct qualitative results, but quantitatively there is a definite mismatch. Through

experimentation, we have observed that

h — z)? h—=z

(
fL,corr - fL — pPg
w

h — 2)?
fR,COTT = fR - pgu
w

tan(f) = pg(h — 2) (1 —4 -tan(Q)) , (1.20)

w

w

tan(0) = pg(h — 2) (1 + ZB -tan(Q)) . (1.21)

match the numerical FEM results (for the upper section of the wall) almost perfectly.
This correction can be seen as changing the multiplier of the non-linear terms in both
equations; this correction is taken the same for both stresses. This means that in terms
of the 2 x 2 balance of forces and moments equations, both the weight carried and the
moments would need to be modified. It is not yet fully understood how and why this
correction works. A possible explanation could be the model assumption that all stresses
except 0, are 0. The FEM results show that this is not exactly true. If we compare the

von Mises stress, which are given by

1
Oom = E\/(am —0yy)? + (Oyy — 022)% + (022 — 042)> + 60§y + 60§Z + 602, (1.22)

15
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then the original model already performs better.

Finally, we remark that the predicted quadratic behavior with (h — 2)? is a good approx-
imation in the upper section of the geometry, but near the bottom this description is
clearly poor. Unfortunately, the bottom part is just the section we are most interested
in, as stresses are highest and failure is most likely in that region. We observed earlier
that the stresses at the bottom are quite sensitive to the boundary conditions chosen
there. The present result again emphasizes that this boundary condition needs extra

investigation.

Disregarding the accuracy of the approximation, this model has enabled us to derive
local criteria on stability which look like fr(h — 2,0, w) < 04 Which captures physics

more realistically than the currently used 6 < 6,,,, criterion.

1.3.3 Analytical approach: separation of variables

We now consider an alternative approach to solve the stress equations for a number of

geometries.

Vertical wall

Consider a vertical a wall of width w and height h. Omit the y-coordinate. Then the
equilibrium equations become

axaxx + azaxz = Oa

030z + 0,0, = —pyg. (1:29)
The boundary conditions at the sides are
Opz = 0z, = 0 when x = 0and x = w. (1.24)
The boundary conditions at the top are
0yr = 0,, = 0 when z = h. (1.25)

An obvious solution of these equations is
Ope = 0, = 05 0..(x,2) = pg(h — 2).

However, there are other solutions. Since the stress equations and boundary conditions

are linear, any solution is the sum of a solution of the homogeneous equations (with r.h.s.

17
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equal to zero) and a particular solution of the full, nonlinear equations. We show that

the solutions of the homogeneous equations are not unique:

Gma;"x + 8zagz =0,

1.26
O,ol +0.0" =0. (1.26)

The homogeneous equations have d a class of solutions of the following, separable form:

Ope = fo(@)f1(2), o= —fL(@)fi(2), ol = fl(2)f.(2). (1.27)

Suppose f, satisfies f,(0) = f.(w) = f.(0) = f/(w). Then any f, satisfies the side
boundary conditions. Similarly, if f,(h) = f.(h) = 0, then any f, satisfies the top
boundary conditions. We can also consider homogeneous boundary conditions for the
lower surface, 0,,(z,0) = 0,.(x,0) = 0.

We therefore have nontrivial solutions of the homogeneous equations, the simplest of
which read as

folz) = 2®(h—2)*,  fu(2) = 2%(h - 2)%,

yielding
ol = 2*(w — x)? x 2(h* — 6hz + 622),
o = —2x(w — x)(w— 2x) x 22(h — 2)(h — 22),
ol =2(w? — 6wz + 62?) x 22(h — 2)?,

and

0..(z,2) = 2(w* — 6wz + 62%) x 22(h — 2)* + pg(h — 2).

We can even set the horizontal stress at the bottom surface to zeros, o..(z,0) = 0,
requiring f7(0) = 0, and take f,(z) = 2%(h — 2z)®. This makes clear that there is an

infinite-dimensional space of solutions to the homogeneous equations.

Remark 1.1. This shows that the equilibrium equations are underdetermined; in prin-
ciple we need information about the stress-strain relationship to obtain a unique solution
for the stress tensor. This likely means that to solve for the stresses, we in principle need
to consider the dynamic processes involved as the concrete flows and sets while forming
the object. In the following we take the simplest solution of the stress equations as the
preferred one.

Tilted wall

In section|1.3.3| we sketch a vertical cross section of a tilted wall, of width w, height A, and

inclination angle 6 to the vertical. Let a = tan 6, and £ = z — az. Omit the y-coordinate.
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a=sind

Figure 1.6: Vertical cross section along the x - axis of a tilted wall, of width w, height
h, and angle of inclination 6. The wall is tilted in the (z,z) plane, but becomes vertical
after application of the coordinate transformation (z,z) — (&, z).

Then the equilibrium equations become

axaxx + azO-:L"z = 07

(1.28)
8120962 + azazz = —pg.
The boundary conditions at the sides are
Opg — 04, =0
when z = az,andr = az + w. (1.29)
Op, — 0, =0
The boundary conditions at the top are
0yr = 0., = 0 when z = h. (1.30)

For a frictionless supporting bottom surface the boundary condition would read as
0z, =0 when z = 0. (1.31)

A simple particular solution o of the full equations can be borrowed from the vertical

wall, dealt with in the previous section:
ob. =db, =0; ol (x,2)=pg(h—2). (1.32)

The full solution can be written as ¢ = o + 0P, where o solves the homogeneous interior

equations
h ho_
0,0, + 0,0,, =0,

1.33
dpol 4+ 0.0 = 0. (1.83)
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Then the boundary equations for o become

ol —ac =0
. . when x = az,andx = az + w (1.34)
Opz — Q04 = ng(h - Z)
o' =o" =0 when z = h. (1.35)

As above, we may try homogeneous solutions in separable form, and find a basis of
solutions which satisfy:

Ope = [o(@)fI(2), o= —fi(@)fi(2), ol = f(2)f.(2). (1.36)

We can also attempt to find homogeneous solutions of involving a function f¢(§). The

interior equations yield
ol = felw — ax)f1(2) = 20fi(x — az)f(=) + 02 fl(x — az) (=),
o, = —fllw — a2) f(2) + afl(@ — a2) fu(2), o, = flw —a2)fa(2).
The side boundary conditions at £, = 0, w then become
fe(€) f2(2) = 2afe(€0 fL(2) + @ fL (€ f2(2) — a(=fel&) (=) + afd (€ [:(2)) = 0,
—Je& L) + afd (€ f:(2) — a(fi (&) f:(2)) = apg(h — 2).

which simplifies to

(1.37)

Fe(0/w) [ (=) = afi(0/w) (=) = 0
—[e(0/w) fi(z) = apg(h — 2).
The top boundary conditions are then

—fe@)fo(h) + aff () f-(h) =0, f{(§)f.(h) = 0. (1.39)

Alternatively, we can formulate equations in terms of ¢ and z. Taking 7 (£, 1) =

(1.38)

Opa(T — 2, 2) — O (@ — 2, 2), Te,(E,1) = 04a( — 2, 2) — 0, (v — @z, 2), T,,(§,2) =

0..(r — az, z) yields

857'55 + azng + OéaZTZZ =0

OcTer + 0,72 = apg(h — z) a0
Tghg =0 } (1-40)
\ when £ = 0, w.
Ter = Oépg(h - Z)

We then aim to find solutions of the homogeneous equations satisfying the boundary

conditions , .
Opy — 0, =0

o —aoh = ap(z)

Tz zz T

} when r = az, r = az 4+ w. (1.41)

As in the case of the vertical wall, the equilibrium stress equations are underdeter-

mined, and a full solution requires knowledge of the stress-strain relationship.
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Decorative wall

Consider a decorative wall where the z-coordinate depends on the height: ¢(z) < x <

o(z) +w. Let € = x — ¢(z). We look for solutions of the homogeneous equations with

0.2 = f¢ (@ — ¢(2)) f2(2). (1.42)
Then
0p00x — &' (2) [ (w0 — 0(2)) [(2) + f¢ (v — ¢(2)) fL(2) = 0,
so we can take
0a: = ¢ (2)J¢ (v = 9(2)) fo(2) — filw — 6(2)) [2(2). (1.43)
Similarly

02000 — ¢'(2)2f¢ (2 — 0(2)) f(2) + &" (2) f (v — 6(2)) f2(2)
+2¢'(2) f¢ (x = 6(2))f'(2) — fe(z — ¢(2)) f2(2) =0,

so we can take

0ua = &' (2)" f (2 — 0(2)) f:(2) — &"(2) el — 6(2)) fu(2)
—2¢'(2) fe(z = 9(2)) f'(2) + fe(z — ¢(2)) f1(2). (1.44)

Substituting £ = = — ¢(z) yields solutions of the form

0.2 = [¢(§) [:(2),
0oz = ¢'(2) f¢ () ]:(2) = fe(§) [2(2), (1.45)
s = ¢ (2)° fE () f2(2) = ¢"(2) FE(E) o (2) — 20 (2) fe(€) f' () + fe(€) FL (2)-

The inward normal to the boundary at the point (¢(2), z) is (1, —¢'(z)), so the bound-

ary conditions are

Umr(¢(z)7 Z) - ¢/(Z)U$Z(¢(Z)7 Z) =0,
02:(9(2), 2) — ¢'(2)0:2(6(2), 2) = 0.
with identical conditions holding at (¢(z) 4+ w, 2).

(1.46)

We look for separable solutions to the homogeneous equations with f¢(£) = ¢ =
exp(ik). Further, we want k to yield a wavelength dividing w, so Kk = &k, = 27n/w.
Then

fe(€ +w) = exp(iké + ikw) = exp(ik€ + 2min/w X w)
= exp(ik§ + 2min) = exp(i) = fe(£).
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Solving the homogeneous interior equations yields solutions in the following form:

Ozz = _'LQfo(f)fz(Z)a
Opz = =K fe ()¢ (2) f2(2) — irfe(€) FL(2),

Oun = K[ (68 (2)21.(2) — infel€)d" () fu(2) — 2infe(€)d (=) f'(2) + fg(é“)f;’(Z()l- o

At the left boundary value, £ = ¢(z). We aim to solve the boundary condition involving

0. exactly, yielding the differential equations
—2¢'(2) f.(2) —ird" (2) f(2) = 2ind (2) f'(2) + 1 (2) = &/ (2) (=17 (2) fo(2) =ik fL(2)) = 0.
This simplifies to
—1k¢"(2)f2(2) — k¢ (2) f'(2) + f1(2) = 0.
The boundary term involving o,z becomes

—? ()¢ (2) [2(2) — infe(€) [1(2) — & (2) (=K [e(§) [:(2)),

which simplifies to

022(0(2), 2) = ¢(2) 0:22((2), 2) = =ik exp(irg(2)) f(2)-

Summing over such terms gives

o0

00x((2), 2) = ¢/(2) 022 (0(2),2) = Y —icukn exp(irad(2)) f1,(2).

n=0
Conic wall

A natural next step in moving from simple to more complex geometries would be to
generalize the tilted wall to conic walls, as visualized in figure [I.2] While a tilted wall is
mainly parameterized by the height h, the width w and the slop 6, the conic wall has an
additional radius r. One approach we would like to propose is that criteria such as the

approximate ones derived for the tilted wall, like
for(h —2,0,w) < Opax (1.48)
should be generalized to criteria dependent on radius r, like
for(h —2,0,w,7) < Oz (1.49)
One property one might expect/desire would be that

lim frr(h—2,0,w,r)= frr(h—260,w). (1.50)
r—00
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This expresses that the limit of the conic wall with a larger and larger radius is the
straight wall. A second property one would like to require is that this limit is approached
from below, as for a diverging cone, the curvature is expected to increase the stability
of the structure. Mathematically one could formulate this as f, zr(h — 2,6, w,r) being

strictly increasing in 7 (though a rigorous formulation would require some more attention.

1.3.4 Analytical model: perturbation approach

Here, we show still another approach to obtain analytical approximations for the stresses
in a tilted wall, sketched in section [I.3.3] The present method is based on expansion of
the stress expressions in the parameter o = tan(f), under the assumption a@ << 1. In
the (z, z) plane the stress equations read as

axamc + 8z0_:1:z = Oa

(1.51)
81’ng + azo-zz = —pg.

As already argued above, it is advantageous to apply the transformation (z,z) — (&, 2)
with & defined as £ = & — az, since then the boundary conditions become simpler. After

transformation the stress equations read as

850'55 - OéagO'gz + 820'52 = 0,

(1.52)
O¢0¢, — 00e0,, + 0,0,, = —pg.
The boundary conditions at the sides are
Oge — Q0O¢, = 0
when £ = 0and £ = w. (1.53)
O¢, — 0, =0
The boundary conditions at the top are
0¢, = 0,, =0 when z = h. (1.54)

The boundary conditions at the bottom, where z = 0, should be such that the shear
stress o¢, may not exceed the frictional force between object and table. However, this
frictional force is proportional to the weight of the object with an unknown constant of
proportionality, so we cannot specify this condition in detail.

For the vertical wall, i.e., when a = 0, we have ¢ = 0¢, = 0 and 0,, = pg(h — 2).
With respect to this zero-order solution, We write the first order expansions of the stresses

in terms of « as
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O¢e = O5f1£7 Z,
O¢z = an(gv Z)7 (155)

Oz2 = pg(h - Z) + Oéf3<€, Z)
Substituting these expressions in the stress equations, we obtain

Ocfi +0.f2 =0,

(1.56)
Oefa+0.f3=0.
with boundary conditions at the sides:
=0
I when € = 0, w. (1.57)
fo = pg(h —=2)
and boundary conditions at the top:
fo=f3 =0, when z = h. (1.58)

Further progress requires specification of the stress-strain properties of concrete. But also
without these details we may find a good approximation to the stress equations in the
following way. We assume that f, is homogeneous in z and write fo = pg(h — z)f4(§)
for some function f4(£). In view of the boundary conditions we must require f;(0) =

fa(w) = 1. Substituting this in the stress equations we find

Ief1 = pgfa(§), (1.59)
with boundary conditions
fi =0, when £ =0,and £ = w. (1.60)
Its solution reads as ¢
fi= 1O =9 [ F(E)d. (1.61)
0

This expression fits the boundary condition f;(£ = 0) = 0. To also fit the boundary
condition f;(§ = w) = 0, we take for f; the simplest possible form, i.e., the parabola

given by

fa(€) = 6(& — (w/2)*) Jw® — 1/2. (1.62)
and sketched in figure section |1.3.4] From the stress equations above we find that

0:fs = Ocfo = —pg(h — 2) f4(&), (1.63)
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Figure 1.7: Sketch of the function f4(£) = 6(¢ — (w/2)?)/w? — 1/2.

with boundary condition
fs(z="h)=0. (1.64)
Its solution reads as
f3(&.2) = 6pg(z — h)*(€ — (w/2))/w”. (1.65)

Finally, we thus obtain for o, the approximation
0.:(€2) = pg(h — 2) + afs(& 2) = pg(h — 2)[1 + 6a(h — 2)(§ - (w/2))/w?].  (1.66)

This expression provides us with a useful approximation for the stress at the bottom
of the tilted wall. Setting z = 0, we find that this stress is given by

0::(8,0) = 0::(2,0) = pgh[l + 6ah(z — (w/2))/w]. (1.67)

We observe that the extra stress due to the tilt of the wall varies linearly with the
horizontal direction x. This was an assumption made in section 3.2.2. The present
analysis confirms the correctness of this assumption for relatively small tilt of the wall.
The maximum of the extra stress due to tilt is found in the right lower corner with

coordinates (w,0). The vertical stress in that point is given by

0..(w,0) = pgh[l + 3ah/w]. (1.68)

Since this is also the maximum stress in the whole wall, each stress check should focus
at this value and make sure that this maximum stress does not exceed the yield stress in
that corner point.
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1.4 Recommendations
Based on the analysis presented above, we summarize the following recommendations:
e Flow rate checks

— Concrete should not dry while in hose: Flow rate > F,;,.

— Maximum hose capacity: Flow rate < F,q.
e Stratification checks

— Time per layer < 2 L / min.
— Time per layer = Volume per layer / flow rate.

— Volume per layer = layer height - layer width - path length of layer.
e Center-of-mass check

— Calculate in advance the position of the centre of mass, using the formulae in
section for all times of the printing process and check whether the object

under construction runs the risk to topple.
e Stress Checks

— Every round a new layer has been deposited the stress distribution in the
object under construction changes. If locally the internal stress exceeds the
local yield stress that part of the object will start to flow or collapse. So, the
stress distribution has to be continuously calculated or estimated. With this
information it should be checked whether the local stress is everywhere below
the local yield stress. Note that the local yield stress depends on the local
history thus on the time elapsed since that part of the object was deposited.

— In the stress calculations the following issues deserve extra attention:
x The stress equations as such have no unique solution. They should be
coupled to the stress-strain relation of concrete.

x The boundary condition to be applied at the bottom, so where it is in
contact with the table, deserves extra attention. There is friction between

object and table, but this friction will depend on the local normal stress.

x To calculate the stress distribution, it is recommended to make use of
standard software based on the Finite Element Method (FEM).
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* Analytical approaches also provide useful insights that can be used to
check numerical outcomes and for deriving rules of thumb. E.g., for a wall
tilted to the right the maximum stress will be attained in the right, lower

corner and its value is given by equation (|1.68|)
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