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ABSTRACT

Hempcrete is generally used in construction as an infill material for loadbearing frames. Contrary to
this tendency, a vaulted prototype of load bearing cast-in hempcrete has been built during a training
workshop at Cardiff University in 2009 under the project of architect David Lea. A team of
researchers at Politecnico di Torino is working on further developing this experiment aiming the
construction of a full-scale loadbearing hempcrete pavilion. The paper reports the first research
results, including design and sample testing of hempcrete mixtures, computational simulations and
detailed design of the prototype. Despite the radicalness of the solution, our investigation seems to
show that the use of hempcrete for structure, envelope and insulation at once has a certain potential, at
least for small projects.
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INTRODUCTION

The construction sector seems to be undergoing a major paradigm shift towards the use of low-carbon
materials, due to the urgent need to reduce greenhouse gas emissions. In a time of unprecedented
emergency to reduce emissions, the use of a single low-carbon material as hempcrete to build
structure, envelope and insulation at once represents a radical approach worth exploring.

It is generally acknowledged that hempcrete can only be used in combination with a load bearing
frame (Bevan & Woolley, 2008; Magwood, 2016; Stanwix & Sparrow, 2014).

Architect David Lea designed a thick-walled vaulted one storey pavilion intended to be built at St
Fagans National History Museum in Cardiff (Harper, 2011; D. Lea, personal communication, October
2009). A portion of this structure was successfully built and tested during a training workshop at
Cardiff University in 2009. To our knowledge, this was the first time hempcrete was used without a
supporting structure.

The paper reports the further development of Lea’s idea by a team of researchers at DIST (Politecnico
di Torino) aiming the construction and monitoring of a full-scale pavilion, which will allow further
investigation on the performance of this innovative use of hempcrete. It resumes and analyses the
results of the Cardiff workshop and presents the first results of the project, including mix design and
sample testing process. Further, we also argue about vault geometry optimisation.

Background

David Lea has been interested in low energy materials and construction techniques since the
ecological movements of the early 1970s. He and Pat Borer designed the most significant buildings of
the Centre for Alternative Technology (CAT), most notoriously the Wales Institute of Sustainable
Education (WISE) building. His interest in hemp lime stemmed from this project: 2000 m? of the 500
mm thick perimeter walls are infilled with hempcrete cast or blown around a timber load bearing
frame (Blundell Jones, 2010; Bocco Guarneri, 2020).

Using a low-carbon material such as hempcrete to build structure, envelope and insulation was
consistent with Lea’s promotion of, as architectural critic Peter Blundell Jones puts it, “the idea of a
modest, efficient and humane architecture” (Voelcker, 2015: 11). The use of a largely prevalent



material for the whole construction enhances the correlation with the form, defined geometrically by
the need to use all units in compression. The form of Lea’s Hemplime Pavilion is inspired by the mud
brick vaults of Hassan Fathy (D. Lea, personal communication, 1 February 2022), in turn a revival of
the traditional Nubian vaults (Fathy, 1973). The catenary line closely follows early gothic arches of
the Middle Ages in Europe, for instance those at Le Thoronet Abbey (D. Lea, personal
communication, October 2009).

THE HEMPLIME VERTICAL STUDIO AT CARDIFF 2009

The Hemplime Studio project of 2009 was part of the Vertical Studio at the Welsh School of
Architecture — a teaching initiative for bachelor students engaging in innovative activities run by
professionals in the fields of art, technology, design, urbanism and planning. (Vertical Studio, n.d.)
The flexibility of this pedagogic approach enriched and diversified the students’ skills beyond their
university’s curriculum; while also providing a certain freedom for practitioners to explore creative
ideas. The Hemplime Studio was modestly financed and partially sponsored by local firms. Nine
students worked in shifts on research, design and construction. (Harris & Lea, 2010a, 2010b)

Design

The design of the vault came from setting up a suspended chain and superimposing a two-centred arch
close to the catenary line falling roughly in the middle third of the vault thickness and hitting the
ground just inside the piers. The curve of the inner surface of the vault was corrected to form a regular
pointed arch to facilitate the building process, while the upper surface formed a 30° pitched roof.
Cardiff University’s Estates Division provided a suitable space for the construction at the university
premises: large enough for the storage of materials and tools, with good access to water and high
enough for the intended height of the vault (2.8 m). The available space limited the dimensions: the
vault spanned 3 m and a 1.2 m thick section was built (Fig. 1). It was supported on 0.6 x 1.2 m piers,
high 1.8 m to the spring. (Harris & Lea, 2010a, 2010b)

Your Vertical Studio will begin on Monday 27" at
2PM in the Crit Room. Following the meeting you -
will go to site. For the duration of the studio you will N e AN
need to provide for yourselves the following: ‘Rough ’ ‘ ~o_ t
work’ clothes — overalls and a"stout pair of shoes LT ’\“f %
/;: f /l T ‘—\”\"z,v WT {
AEBIN, s . Xx e
N I i
%, N e \ Lo
Sy “\ \ \‘ [
i o o | e S ——
jy’ [ ‘ ‘\450 ; ‘
"o‘» ‘ ire of cale ﬂ:y R = | | ‘
Al ! Bl
| | N |
| 8| [ [ ‘
‘w i - B f ‘ Pevicid % e et
| GRS
-4 it s ‘
o ,\‘,,,L =l J Prololpe. Homgo b craddt”
1 :25 1 rmeby
¥ 800 L seeatet RN R T 43504 ﬁi_);_;
a) Flyer of the Hemp Lime Vertical b) Adaptation of the project to the available
Studio 2009 construction space

Figure 1: Hand-drawn sections of the designed vault



Construction

Firstly, the students were trained on construction site management and safety. The hempcrete was
provided by Limetec, which in turns used Tradical hempcrete, mixed on site following the company’s
instructions. It was cast and tamped into simple lightweight ply shuttering in a number of stages,
consequently marking different casting levels that were visually evident after the construction. The
0.8 m wide recesses in the piers were spanned by wooden boards (Fig. 2b). The top layer of the roof
was tamped into a denser finish, and cedar shingles were fixed directly into the hempcrete using large-
diameter screws (Fig. 2¢). (Harris & Lea, 2010a, 2010b; D. Lea, personal communication, 1 February
2022)

b) Recesses of the pier

!

c) ooﬁg cedar
shingles

a) The complete hemp lime vault

Figure 2: The hemp lime vault built during the Vertical Studio 2009

Structural testing

The hemp lime vault was tested seven months after the completion under the supervision of Professor
Abid Abu-Tair and Dr. John Kinuthia of the University of Glamorgan’s Civil Engineering Research
Unit. The hempcrete had carbonated and dried out evenly, making it difficult to demolish the structure
after testing. Two hangers supported a platform that was loaded up with 25 kg sandbags (Fig. 3). At
the 26™ sandbag the vault began to spread slightly, and cracks began to show along the timber boards
above the recesses, showing that they had actually weakened the resistance to lateral loads. The side
displacement, monitored through two digital transducers, started to increase rapidly after a continuous
load of 8,5 kN for both loading points. At that instant the loading was discontinued for safety reasons
(Fig. 4). The calculated load of the arch was 1.6 kN/m? close to the service load. (Harris & Lea,
2010a, 2010b; Abu-Tair & Kinuthia, 2009) However, the supervisors stated:

It is our professional judgement that the structure would have withstood much more load had
we continued the loading further before stability became a serious issue. Furthermore, had the
structure of the arch had some form of a simple tie at the bottom of the arch, the structure
would have carried three to four times the load applied, which would take it way above the
kind of ultimate loads expected to be carried by such structures. The tie would also help with
the stability as we did not test the structure under skewed loading. (Abu-Tair & Kinuthia,
2009)



Figure 3: Structural testing of the hemp lime vault
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Figure 4: Load displacement behaviour of the vault

IMPROVING RESEARCHES AT POLITECNICO DI TORINO

The aforementioned experience seems to show that hemp lime has the potential to be used as a
material for simple monolithic constructions like vaults. Based on this assumption, further research
has been developed to assess some design improvements such as material composition mixture,
geometry optimisation for saving the amount of materials employed, and other structural
compromises to strengthen the full scale prototype.

Methodology
In order to explain the rest of this research, a chart is presented below showing the processes
organised according to their relations.
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Figure 5: Methodological diagram of the design process

Analysis of the experiment at Cardiff

Computational Modelling

A computational model has been drawn on a linear elastic model software. This choice was made to
have a first overview about the issue, allowing us to examine very quickly the hypotheses. The vault
has been set up on a CAD software to evaluate the coordinates of discretisation points, subsequently
needed to build the structural model. We assumed that the material was isotropic, which we deem is
an acceptable approximation, given the random orientation of the shiv inside the lime matrix. We
inputted the different sections related to the positions of each ashlar. In order to represent the dead
load, and knowing the different measured densities inside the vault, the weight of each virtual ashlar
was calculated and then uniformly applied to each of them.

Young’s modulus assessment

The creation of a computational model was first meant to interpret the real displacements during the
test at Cardiff in 2009. Actually, we decided to switch the analysis, and hence to determine the
modulus of elasticity by comparing the real displacements and the computed results. The chart below
shows that the mixture’s Young’s Modulus lies between 5 and 10 MPa (Fig. 6). This clearly explains
why load-bearing hemp-lime requires a large amount of material and a static scheme of pure
compression. We noticed a large gap between the experimental curve and the computational results.
This could be explained by the fact that the ductility of the real material is higher than assumed in the
software algorithm. If this was correct, then the vault would seem to have reached its plasticity stress
boundary.
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Figure 6: Stress-strain comparison of measured and computational displacements

Material composition

Different types of hemplime mixes were designed to broaden the palette of results. This work
involved masters’ thesis students and profited from the help of Fausto Cerboni, an artisan who
contributed his extensive field experience. We developed different mixtures composed of hemp shiv
of various sizes (0~20 mm) and hydraulic lime-based binders. There were two series of mixture
designs due to the time it took the specimens to be dry enough for mechanical tests. The specimens
were obtained both by means of a manual press and by casting and constipating the material in
removable moulds (Fig. 7). All samples were tested for compressive strength using a universal
hydraulic servo-controlled compressive testing machine (Zwick Roell ZmartPro) at a cross-head
speed of 3 mm/min, based on a thorough literature review (see for instance Amziane et al., 2015;
Amziane & Arnaud, 2013; Arnaud & Gourlay, 2012; Collet et al., 2015; Nguyen et al., 2009;
Niyigena et al., 2015, 2019; Tronet et al., 2016; Williams et al., 2017).

| R

Figure 7: Cubic samples obtained by casting and constipating the material in removable moulds and
brick samples obtained by means of a manual press

The first series allowed to establish an optimised particle size distribution of the hemp shiv. In this
regard, the granularity of each product was accurately analysed through a vibrating screen sieve
machine. Subsequently, different compositions of hemp shiv were established for each specimen
based on determined ratios derived from a pre-established Fuller-Bolomey theoretical curve. As for
the binder, we decided to use natural hydraulic lime (NHL) combined with some pozzolan (Sheridan
et al., 2017), which should react with the remaining ‘free’ lime. In fact, the volume percentage of the
added pozzolan coincides with the ‘free’ lime content indicated by the NHL manufacturer. However,



this resulted in insufficient compressive strength, as it did not exceed 0.25 MPa (Fig. 8, mixture 1.2).
This urged us to envisage a stronger binder composition.

The second series of specimens had the same aggregate particle size distribution (PSD) as the mixture
1.2. By adding natural Roman cement to the binder, we obtained a higher strength; its increase in
proportion (Fig. 9) reflected in a significant increase in compressive strength: see the three blue bars
in the chart below (Fig. 8).
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[MPa]

Binder composit bn Binder composit bn Binder composit bn
Mix 2.1 Mix 2.2 Mix 2.3

65 %
69% 1%
NHL3.5 Roman cement W Pozzolana NHL3.5 Roman cement W Pozzolana NHL3.5 Roman cement M Pozzolana

Figure 9: Composition of the binders for the second set of specimens [vol%]

The modulus of elasticity was graphically quantified for the second set of specimens (Fig. 10). The
charts show that for the first two mixtures, the breakpoint has been reached. Instead, the third one,
which contained more Roman cement, did not show rapid failure. The modulus increases in relation to
the amount of Roman cement; it is shown at a curing time of 65 days.
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Figure 10: Stress-strain curves Measure of Young’s Modulus (E) with a graphical method

The second set of mixtures was studied mainly through 12x15x30 cm brick samples, manually
pressed. In addition to these samples, 15-cm cubes were prepared in order to double-check the results.
These were quite surprising, as the mechanical reaction of the cubic samples didn’t show the same
behaviour as the bricks. The stress-strain curves of cubes revealed a stronger and more ductile
response (Fig. 11). One of the possible reasons is that bricks were loaded parallel to the y axis (Fig.
12), so the risk of effusion was higher than for the cube samples.
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Figure 11: Comparisons of stress-strain curves: brick samples (grey) vs cube samples (blue)

Figure 12: Compression tests of brick and cube samples

It should be noted that the main aim of composing our own mixtures and performing the structural
tests, was not to reach a mechanical response close to that of conventional load-bearing materials; but
rather to maximise the control over the components of the hempcrete mixture and its subsequent
characteristics, as opposed to a pre-mixed proprietary binder.

Vault geometry design

Our project aims to provide information on a broad range of issues related to sustainable construction,
including constructability, energy saving for heating/cooling, embodied environmental impacts of the
construction phase of the life cycle (A1-AS5). Three pavilions — each with a floor area of about 35 m* —
will be built to present different sustainable techniques to students and the general public. The load-
bearing hemp lime arch prototype acts as a test bed that will allow to build the pavilion proper.

In order to validate the geometry, we performed a graphic design process by discretising the arch in
virtual voussoirs, given that hempcrete is a homogeneous material.

This line of thrust represents the resulting forces that occur inside these virtual bricks. In order to
make the structure work in pure compression, it is important to contain this curve within the central
third of the vault. The ogive arch shows a slight weakness at the top but increasing the weight at that
point corrects the risk of outward collapse.



Figure 13: Line of thrust of the critical portion of the vault

The dimensional characteristics were changed by increasing the span and scaling the arch
accordingly. The form of the ogival vault has been maintained. For this experiment, the span is 3.5 m
and the internal maximum height is 3.85 m (Fig. 13).

As a development of the experimentation of 2009, the vault has been designed with barrel arches at its
piers. The reason is to use a single material and avoid cracks along the discontinuity created by the
timber lintels (Abu-Tair & Kinuthia, 2009; D. Lea, personal communication, 1 February 2022).
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Figure 13: Dimensions of the prototype (axonometric view)



Structural scheme improvement

The hypothesis on which we worked for improving the vault’s mechanical response is the
introduction of a horizontal tie at the bottom of the arch. Even if this implies the use of another
material (timber, instead of a monolithic hemp-lime construction), it would represent an efficient
compromise. The tie is high enough to let people across. It has to resist a tension load of 6 kN. From
the computational simulations (Fig. 15 and 16) it can be noticed that the compression of the virtual
ashlars is perfectly respected and brings the whole weight vertically to the ground. Deformations of
the vault (Fig. 17) are of the order of millimetres (9 mm at the apex, and 7 mm at the base of the
arch), therefore we can conclude that the simulations confirm the aforementioned hypothesis.
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Figure 15: Schematic representation of the load distribution

Figure 17: Schematic representation of the deformation of the vault

Constructability
Being an illustrative project of sustainable contemporary architecture, we chose to consider two
different hemp-lime building techniques: brick masonry construction, and cast on site. Hemp lime
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bricks have the advantage of easy handling, which is quite important at an educational building site.
They would be produced at one of the Politecnico’s laboratories and would be transported to the
building site after the binder has cured.

The other method is the same as at Cardiff. Casting allows to mix on site and pour immediately
afterwards. The construction of the formwork would pose technical challenges and would imply using
timber not easily reusable in other projects. Another challenge of this technique is the correct,
thorough drying of the cast material.

These reasons led us to consider both options and to exploit their different advantages. Bricks will
compose the arch skeleton like in Hassan Fathy’s architecture, while cast hemp lime will be used to
build the piers.

DISCUSSION
The Cardiff experiment is an exemplary case that explores a very simple design principle: the material
defines geometrically the space. Of course, this presents a number of challenges: the lack of tensile
elements a priori excludes conventional ideas such as cantilevers, corner openings, free plans and
separation of structure and envelope (Harris & Lea, 2010a). However, it does not affect creativity;
conversely, it allows for conscious sensitivity to the essential nature of the materials. Tim Coleridge,
architect and lecturer at CAT, wrote on The Architectural Review:
This (the experimental hempcrete vault at Cardiff) indicated a fresh architectural expression
that directly challenges the high-tech minimal ‘eco-technical’ logic [...], a new tectonic, that
works with the inherent qualities of the material rather than squeezing it to fit a predetermined
form. (Coleridge, 2014)
The tendency to fit natural materials into predictable and uniform performance standards of the
industrial paradigm has often led to their misuse and consequent prejudices and, at the very least, to a
lack of deep understanding of their potential. In fact, Lea suspected that hempcrete had not been used
structurally before as “it is slightly compressible and so impossible to calculate because the
compressibility is determined by the mix, which will almost certainly vary a little” (D. Lea, personal
communication, 2 November 2014). While this difficulty should be recognised — together with the
constrains of building codes — it can be faced with creative problem-solving skills. Moreover,
structures built with a single prevalent material or mixture and working under pure compression are
not new: there are many examples such as the earth brick architecture of the Middle East and the
archaic forms of the medieval vaulted cathedrals in Europe, to mention a few. Conventional
construction tends to incorporate rigid structural materials like timber, steel or pre-stressed concrete,
reducing the quantity of materials and (possibly) the financial costs. Peter Harper believes that if there
are positive benefits associated with the use of some materials, especially those derived by biomass,
this design principle might be weakened or even reversed (Harper, 2011). In the case of hempcrete,
these benefits are to be found in its low embodied energy and carbon emissions. Several studies have
shown that the total carbon footprint of hempcrete mixtures results lower than the CO, uptake due to
the biogenic carbon captured and stored during hemp growth (Ahmed et al., 2022; Arehart et al.,
2020; Scrucca et al., 2020). Moreover, hemp is an annual crop, which is clearly advantageous to, for
instance, construction timber. Further investigation is needed in this regard — e.g., the composition of
the binders to lower their overall emissions; the comparison of impacts between a loadbearing
hempcrete construction and a conventional timber framed one; etc.

CONCLUSION

Investigating the possibility of using loadbearing hempcrete for low-raise buildings is a challenge
worth undertaking. The first results of the research are promising and show that the use of a smaller
array of materials and components enhances the correlation material-structure-form and enables a
simple and creative way of building, challenging contemporary prejudices and arising sensitivity to
the essential nature of the materials.

The next step of the research will be the construction and monitoring of a full-scale load bearing
hempcrete pavilion, which will allow further investigation on the performance and environmental
impacts of this innovative use of hempcrete.
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