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Abstract Additive manufacturing and digital fabri-

cation bring new horizons to concrete and cement-

based material construction. 3D printing inspired

construction techniques that have recently been

developed at laboratory scale for cement-based mate-

rials. This study aims to investigate the role of the

structural build-up properties of cement-based mate-

rials in such a layer by layer construction technique.

As construction progresses, the cement-based materi-

als become harder with time. The mechanical strength

of the cement-based materials must be sufficient to

sustain the weight of the layers subsequently deposit-

ed. It follows that the comparison of the mechanical

strength, which evolves with time (i.e. structural build-

up), with the loading due to layers subsequently

deposited, can be expected to provide the optimal rate

of layer by layer construction. A theoretical frame-

work has been developed to propose a method of

optimization of the building rate, which is experimen-

tally validated in a layer-wise built column.

Keywords Additive manufacturing � Cement-based

materials � Yield stress � Structural build-up

1 Introduction

Additive manufacturing and digital fabrication bring

new horizons to concrete and cement-based material

construction. The possibility to build concrete struc-

tures without formwork is a major advantage in terms

of production rate, architectural freedom and cost

reduction; as noted in [1], formwork represents

35–60 % of the overall costs of concrete structures.

Moreover, it allows human labour to be replaced by

digitally controlled robots and furthermore allows the

implementation of these new techniques in highly

polluted environments and in spatial applications [2].

Various techniques have been developed in recent

years; for example, smart dynamic casting is a result of

a combination of slipforming and digital fabrication

techniques [1, 3]. Another family of concrete digital

manufacturing has been inspired by the 3D printing
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technique [4]. This technique is commonly called

‘additive manufacturing’ and consists of joining

materials to produce objects, layer upon layer, from

3D model data. Examples of such techniques belong-

ing to this family of digital-aided construction are the

‘‘Concrete printing’’ process developed at Loughbor-

ough University [5–9] and the ‘‘Contour Crafting’’

method [10, 11] developed at the University of

Southern California.

One way of additive manufacturing in construction

of concrete is to combine concrete extrusion with

digital fabrication techniques. As noted in [1], the

objective is a scaling-up of a desktop 3D printer to the

size of a building site. At this time such techniques are

not sufficiently developed for industrial application

but have succeeded in producing wall elements under

laboratory conditions [7, 8, 10].

Nevertheless, additive manufacturing extrusion

technique can be developed into a very efficient and

robust construction technique at an industrial scale. To

achieve this end and optimize the process, two major

constraints need to be overcome [1]: Firstly the

bonding between the layers which is a weakness in

the printed structure. It is worth noting that the

bonding strength decreases with the time gap between

layers [8]. The second constraint is the monitoring of

the material hardening over time: The material must

be hard enough to sustain the weight of the subse-

quently deposited layers. This constraint may lead to a

prolonged production time.

The juxtaposition of these two constraints confronts

us with a paradox concerning the production rate of

this process. The time gap between two deposited

layers must be sufficiently long to provide adequate

mechanical strength capable of sustaining the weight

of the subsequently deposited layers and also short

enough to ensure both optimized bonding strength and

building rate.

It therefore appears that the optimized time gap

between layers should be the shortest that allows the

stability of the structure during construction. Such

optimized time gap brings the highest bonding

strength and building rate compatible with a stable

structure of deposited fresh concrete.

The ability of the deposited layers to sustain its own

weight is linked to its rheology andmore particularly to

its yield stress [3, 7]. During the layer by layer building

of a wall, the first deposited layer undergoes the

heaviest load. In order to ensure the wall stability

during the process, the yield stress must be sufficient to

sustain this load. At this point, a new paradox appears:

the paste must be sufficiently fluid for extrusion

purpose [12] but sufficiently firm for the structure

mechanical stability. A way around this paradox is to

use the structural build-up of the concrete to ensure

both, sufficient fluidity during extrusion and stability

after deposit. The yield stress of cement-based mate-

rials increases over time at rest [13–19]; this reversible

behaviour is due to the nucleation of cement grains at

their contact point by CSH formation during the

dormant period before the setting time [20]. This yield

stress increase is commonly modelled using a linear

relationship with resting time [15] during the first hour

of rest. Recently, Perrot et al. have proposed an

exponential relationship that describes the yield stress

increase up to the setting time [21]. It has been shown

that the structural build-up properties of cement-based

materials can be used to predict or optimize concrete

production. For instance, formwork pressure reduction

or distinct-layer casting issues can be predicted using

the structural build-up rate of self-compacting concrete

[21–24]. In the present case, structural build-up is used

to describe and model the competition between the

load increase, linked to the building rate, and the

mechanical strength of the first deposited layer of the

structure which is linked to the cement-based material

yield stress. The aim of this paper is to propose a model

that predicts the structure failure (or stability) during

the additive manufacturing process of a concrete

structure. This model is potentially a tool for optimiz-

ing the building rate of concrete in 3D printing.

In the first part of the paper, a theoretical framework

is developed for structural build-up of cement-based

materials and load due to 3D printing is proposed.

Experimental tests are then carried out on a firm paste

to simulate the loading due to the printing of a concrete

column. Finally, the comparison between both the

theoretical framework and the experimental results

highlights the finding that structural build-up must be

taken into account in additive manufacturing extrusion

technique in order to find the highest acceptable

building rate.

2 Theoretical framework

Many studies on digital fabrication techniques have

shown that the building rate of the structure influences
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the success of the process [1, 3, 7]. For additive

manufacturing exturion technique, Le et al. [7] defines

an open time (linked to the Vicat setting time), to

describe the change of the concrete workability with

time. This parameter is likely to affect what the

authors called ‘‘buildability,’’ which consists of quan-

tifying the number of filament layers that could be

built up without noticeable deformation of lower

layers.

The idea of this theoretical framework is to

compare the mechanical strength of the bottom first

deposited layer with the mechanical load due to the

weight of the above-deposited layers, and then to

model the so-called ‘‘buildability’’ defined in [7]. It is

then necessary to model both the evolution of the

mechanical strength of the cement-based material

before hydration (which is governed by the material

yield stress) and the evolution in time of the

mechanical load due to the building of the structure.

The developed theory must be able to indicate if the

layered structure is able to sustain its own weight and

able to predict the failure time when the structure is

going to collapse.

In case of a wall or a column construction, the

vertical stress acting on the first deposited layer

increases in time with the built height of the structure.

Even if the vertical stress increases step by step as new

layers are deposited, an average rate of construction

can be computed over the construction time. Initially,

it would appear natural to choose a constant rate of

vertical construction. This rate of construction is

designated by R.

Then, the vertical stress rv acting on the first layer

can be written as follows:

rV ¼ qgh tð Þ ¼ qgRt ð1Þ

where q is the specific weight of the concrete, t is the

age of the first deposited layer (which starts with its

deposition) and h is the height of the vertical structure

located above the first deposited layer.

The stability of the first layer can be tested by

comparing the vertical stress given by Eq. (1) with a

critic failure stress, which is linearly linked to the yield

stress of the first deposited material:

rc tð Þ ¼ ageom:s0 tð Þ ð2Þ

where s0,0 is the yield stress of the first deposited

material and ageom is a geometric factor which depends

of the form of the built structure.

The increase in yield stress is commonly considered

to be linear during the dormant period prior to setting

[13, 14]. Roussel [14, 15] has defined the structuration

rate Athix as the constant rate of increase in yield stress

over the time at rest:

s0ðtÞ ¼ s0;0 þ Athixt ð3Þ

where s0,0 is the yield stress of the material with no

time at rest.

The concrete structural build-up is due to complex

and coupled phenomena: flocculation due to colloidal

interactions and CSH nucleation at the contact points

between cement grains [16, 20]. According to Roussel

et al. [20], the flocculation process lasts only several

tenths of seconds. After flocculation, at a timescale of

several tenths of minutes, the structural build-up is due

to the formation of CSH bridges between cement

grains at the pseudo contact-points. The authors

assumed that the rate of formation of CSH bridges is

constant because the heat of hydration is constant

during the so-called ‘‘dormant’’ period. Therefore,

they conclude that, during this period, the increase of

yield stress with time (or the elastic modulus) must be

linear.

After this linear increase period which lasts up to

60 min, the rate of yield stress increase speeds up [21,

25, 26]. It would therefore appear that there is a non-

negligible linear increase of the solid volume fraction

which leads to an exponential increase in yield stress.

Perrot et al. [17] have proposed an exponential

yield stress evolution that describes a smooth transi-

tion from the initial linear increase to the exponential

evolution and asymptotically tends to the Roussel

model as tt tends to zero:

s0ðtÞ ¼ Athixtc etrest=tc � 1
� �

þ s0;0 ð4Þ

where tc is a characteristic time, the value of which is

adjusted to obtain the best fit with experimental

values.

The geometric parameter ageom depends on the

form of the built structure. In a straight vertical

construction, the horizontal cross section and the

height of a deposited layer are the parameters that are

used to compute ageom. For example, for circular

column of diameter D, ageom can be computed from

the theory of squeeze flow of plastic material [27, 28].

To make an analogy between squeeze flow and 3D

printing extrusion technique, it can be considered that

Materials and Structures (2016) 49:1213–1220 1215



the first deposited layer is confined between two

plates, the ground and the bottom surface of the layer

deposited above. In this first approach, the surfaces of

these two plates are assumed to be rough in order to

comply with the adherent hypothesis for the wall

conditions. Thus, using the expression given in [27,

28], the ageom parameter can be expressed as:

ageom ¼ 2 1þ D

2
ffiffiffi
3

p
h

� �
ð5Þ

It should be noted that other form of ageom
parameters are required for other types of construction

such as a wall. They can be found by a static analysis

or by empirical fitting.

It is worth noting that the viscous behaviour of

concrete is neglected because this study focuses on the

onset of flow i.e. at zero shear rate. In this first

approach, we choose to neglect the weight of the first

deposited layer.

3 Materials and methods

To validate our theory, we simulate the load acting on

a cylindrical sample (i.e. the first deposited layer) due

to the layer by layer construction of a cylindrical

column. The cylindrical sample was 35 mm high and

has a diameter of 60 mm. The initial material yield

stress was 4 kPa and was sufficient to provide

adequate strength to overcome the gravitational effect;

consequently, the fresh sample could sustain its own

weight. The material yield stress was higher than those

found in studies carried out at Loughborough Univer-

sity [5–9] (which were of the order of 1 kPa) but

appeared to be in the range of material yield stress

used for contour crafting [10, 11] developed in

University of Southern California.

To achieve this yield stress value, cement paste

containing cement, kaolin and limestone filler were

used. The dry binder content, expressed as a weight,

was 50 % cement, 25 % limestone filler and 25 %

kaolin. The water/cement mass ratio was 0.41 and a

polycarboxylate-type polymer powder SP was added

to the mix (SP/cement mass ratio being 0.3 %).

In this study a CEM I type cement of 3.15 specific

density was used. The specific surface area of the

cement, measured using a Blaine apparatus, was

3390 cm2/g with an average particle size of 10 lm.

The kaolin clay used was a Powdered Polwhite BB

from Imerys� (Kaolins de Bretagne, Ploemeur,

France). The specific gravity of the clay was 2.65,

the largest clay grain size approximately 40 lm and

mean grain size close to 9 lm. The Limestone filler

had a particle size distribution ranging from 0.1 to

100 lm (d50 = 15 lm).

The mixes were prepared by mixing the dry powder

constituents together for 2 min at 60 rpm and water

was then mixed with cement in a planetary Hobart

mixer. The mixing phase consisted of two steps: 2 min

at 140 rpm and 3 min at 280 rpm.

In order to simulate the loading to layer by layer

construction, the sample which corresponded to the

first deposited layer, was placed between two parallel

plates. The upper plate was then loaded in 1.5 N

increments. The time gap between each loading

increment allowed monitoring of the average building

rate. Time gap ranging from 11 to 60 s allows the

simulation of column 3D printing with an average

building rate ranging from 1.1 to 6 m.h-1. When the

critical stress is exceeded, the sample could be

expected to Plastically deform. To detect this plastic

failure, the upper plate displacement was recorded

with respect to time using a LVDT-type displacement

transducer; simultaneously, fractures onset at the

surface of the sample is monitored during the test.

Each time gap was tested at least twice to check the

test repeatability.

After mixing, measurements were carried out over a

90 min period. In this way, the evolution of the yield

stress of the cement-basedmaterial with respect to time

at rest was characterised as described by Perrot et al.

[29]. Thismethod is similar to the undisturbed vane test

measurement presented in Khayat et al. [30]. In this

study, stress growth measurements were performed

approximately every 10 min at a constant shear rate of

0.001 s-1 as described by Mahaut et al. [31]. All

samples were left at rest from the end of mixing.

Yield stress was measured using an Anton Paar

Rheolab QC rheometer equipped with suitable vane

geometry. After 1 min of pre-shearing, a strain growth

was applied to the sample at a shear rate of 0.001 s-1

for 180 s. At such a low shear rate, viscous effects are

negligible and yield stress can be calculated from the

measured peak torque value at flow onset. The vane

geometry used in this study consisted of four blades

around a cylindrical shaft. For each measurement, a

blade, 8 mm high and 8 mm diameter, was used. At

the end of the yield stress measurement, the vane was
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removed from the sample and cleaned in order to

perform another measurement of sample taken from

the same batch that had been previously put into

another container after mixing.

For the studied material, the evolution of the yield

stress with time at rest is shown on Fig. 1. Perrot et al.

and Roussel models [15, 21] are also plotted on Fig. 1.

Figure 1 clearly shows that the yield stress evolu-

tion, of the tested cement paste, with time can be

considered as linear during the first 40 min. It follows

that the Roussel linear model [15] can be used to

describe the yield stress evolution for construction

process lasting less than this critical time. For longer

processing, the Perrot et al. model better describes the

yield stress increase [21].

4 Results and discussions

The first issue to be discussed relates to sample failure

detection. The combination of monitoring fracture

onset with the recording of upper plate displacement

provides collaborating evidence of sample plastifica-

tion. Figure 2 shows the recorded displacement of the

upper plate for time gap between each layer deposit of

11, 17, 22 and 34 s. For each time gap, the moment

when fractures appear on the sample surface is

reported (as shown in Fig. 3). It is considered that

sample failure is reached when both phenomena have

occurred: fracture onset at the surface and increase in

the displacement rate.

This detection of failure is supported by squeeze

flow of semi-solid paste which undergoes fracture at

the sample periphery [27, 28, 32, 33]. It can be seen in

Fig. 1 Yield stress evolution with time. Comparison of the

experimental results with a curve fit to the Perrot et al. [21] and

Roussel models [15]

Fig. 2 Displacement of the upper plate versus time. The grey

squares indicate the instant when fractures are observed on the

surface of the samples for time gap ranging from 11 to 60 s

Fig. 3 a Fracture occurrence for a test carried out with a time

gap of 17 s, b a sample without fractures after the test carried out

with a time gap of 60 s
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Fig. 2 that the increase of the slope of the displace-

ment curves occurs quasi-simultaneously with fracture

occurrence.

It is also worth noting that before the change of

slope and fracture onset, the displacement versus load

curves are almost superimposed (Fig. 4). This super-

imposition provides additional evidence that before

the change of slope, the behaviour of the sample is

elastic and therefore no plastic flow has occurred.

Finally, we have chosen the fracture onset time as a

failure indicator because it always occurred simulta-

neously with a change of the slope of the displace-

ment, time curve.

All tests are summarized in Table 1 with the

estimated failure times.

As expected, Table 1 shows that the building rate

monitors the stability of the structure. The only sample

that remains intact after the test is obtained for the

smallest building rate R = 1.1 m/h. For higher build-

ing rate, all samples collapsed because of insufficient

mechanical strength. In such cases, the material has

not had time to become sufficiently stiff to sustain the

weight of above deposited layers.

To go a step further, it would be interesting to

predict the failure occurrence and time. As proposed in

the theoretical framework, the comparison of the

vertical stress with the critical stress, which is linked to

the material strength, is expected to lead to a failure

prediction. By plotting the evolution of both the

vertical stress and the critical stress with time, as

shown in Fig. 5, the time when the sample is going to

plastically deform is easily identified. In this figure,

the predicted time of failure is given by the intersec-

tion of the evolution of the vertical stress with the

evolution of the critical stress. It is worth noting that

the predicted failure time is in agreement with the

experimentally observed failure time which is shown

as solid circles in Fig. 5. Moreover, Fig. 5 shows that

the critical stress is always higher than the vertical

stress for a building rate of 1.1 m/h. This is in

agreement with the experimental result which shows

that the sample sustains the loading for this value of

building rate. It therefore appears that the proposed

theoretical framework is able to predict the success of

the layerwise process of additive manufacturing. The

framework provides an efficient tool to determine and

optimise the building rate and therefore the bond

strength between layers with the assurance of the

structure stability.

It is of interest to see if an analytical prediction of

the failure can be made. Using the linear evolution of

the yield stress provided by Roussel [15], a critical

failure time tf can be easily expressed as follows:

tf ¼ s0;0
qgR=ageom � Athix

ð6Þ

Fig. 4 Displacement of the upper plate applied load for time

gap ranging from 11 to 60 s

Table 1 Recap of all failure times and stresses

Time gap

11 s R = 6.2 m/h 17 s R = 4 m/h 22 s R = 3.1 m/h 34 s R = 2 m/h 60 s R = 1.1 m/h

Failure time and stress 420 s 4.71 kPa 730 s 5.31 kPa 950 5.34 kPa 1320 4.80 kPa No failure

370 s 4.15 kPa 600 s 4.36 kPa 780 4.38 kPa 1540 5.60 kPa

640 s 4.65 kPa

655 s 4.76 kPa

Average failure time and stress 395 s 4.45 kPa 656 s 4.76 kPa 865 4.86 kPa 1430 5.20 kPa

SD – 54 s 0.38 kPa – –

1218 Materials and Structures (2016) 49:1213–1220



The computed failure time tf is shown on Fig. 5 by

diagonal crosses. It can be seen that the tf values are in

agreement with experimental results except for those

with the smallest building rates. This discrepancy in

failure time is due to the fact that for the smallest

building rate, the linear description of the yield stress

evolution is no longer valid for process time higher

than 1500 s (i.e. 25 min). Equation (6) is valid only

for failure time lower than the critical time tc, which is

given by Eq. (4) and predicts the time at which the

linear model becomes inaccurate. If tf, calculated by

Eq. (6), is greater than tc, the plot of the evolution of rv
and rc with respect to time remains an effective

solution to check structure stability. Furthermore, if

the computed value of tf is of the order of the setting

time of the concrete, the structure is expected to

remains stable during additive manufacturing extru-

sion technique.

5 Conclusions

In this study we have proposed a theoretical frame-

work to find the highest building rate for layerwise

concrete additive manufacturing extrusion technique

inspired by 3D printing technologies. This theoretical

framework is based on the comparison of the vertical

stress acting on the first deposited layer with the

critical stress related to plastic deformation that is

linked to the material yield stress. Both stresses are

time-dependent: the vertical stress depends on the

building rate while the critical stress depends on the

structural build-up of the concrete at rest. The

developed framework consists of ensuring that the

vertical stress does not exceed the critical stress.

The theoretical framework is validated by simulat-

ing the loading due to the additive manufacturing of a

70 mm diameter column. The predicted failure times

of the sample are in agreement with the experimen-

tally observed ones for all tested building rates

(ranging from 1.1 to 6.2 m/h).

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use,

distribution, and reproduction in any medium, provided the

original author(s) and the source are credited.
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