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A B S TR ACT
Rooted in a hybrid material and climate-based approach to design, this study proposes a compu-
tational design framework for low-tech rammed earth adaptable formwork that allows for variable 
surface figuration, related to thermal and aesthetic design parameters. Built as vertical panel 
prototypes, as in-situ vertical construction, this study proposes to couple thermal performance 
with sequenced constructability of varied surface geometries through an adaptable repetitive 
kit-of-parts formwork that can be constructed with limited advanced manufacturing capabilities. 
Addressing the need for low-impact sustainable construction in vast areas of the world where 
thermal mass, coupled with earthen construction, would radically contribute to the reduction of 
carbon footprint, this study builds upon the extensive cultural and ecological history of rammed 
earth in those regions. Providing a novel methodology for shaping in-situ vertical rammed earth 
design to construction, this study utilizes ray-tracing simulation that sets constraints for geometric 
constructability. Our goal is to address the perception of earthen construction as a low-tech 
natural anachronistic material and expand its design repertoire while addressing a climate-sensi-
tive approach to shaping architectural systems.  Here, ray-tracing analysis is used to determine the 
geometric capacity for continuous load bearing of earthen material being rammed vertically, while 
enhancing its thermal mass effectiveness through surface geometry. This method expands on the 
design vocabulary of the earthen construction beyond highly simplified shapes, or material color 
variation, and also differs from other methods that use complex horizontally laid formwork to erect 
panels vertically post-curing. This study aims to embrace and build upon vernacular practices of 
rammed construction, with added design variability, rooted in local circular material practice.
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INTRODU CTION
Rammed earth construction is an ecologically benign alter-
native to prevalent non-biodegradable construction materials, 
with the possibility of utilizing locally sourced materials. It is 
a healthy, non-toxic material that requires minimal industrial 
processing, while providing healthier indoor air quality and 
thermal comfort. This study explores the effectiveness of 
vertical rammed earth construction in hot and arid climates, 
and aims to identify digital-to-analog workflows to introduce 
greater design variability in rammed earth. Digital fabrication 
technologies focusing on additive manufacturing, robotics, 
and the design engineering of cementitious materials have 
advanced significantly in recent times (Asprone et al. 2018). 
For the most part, those studies expand on automation 
through the introduction of robotic manufacturing, morpho-
logical explorations, bespoke fabrication of earthen systems, 
or direct Life Cycle Analysis to validate engagement of earthen 
construction regarding carbon footprint reduction (Reddy and 
Kumar 2010). Building upon this greater knowledge framework, 
this research lies at the intersection of digital simulation capa-
bilities and a climate-based approach to shaping architectural 
materials, in providing a low-cost and low-impact construc-
tion methodology applicable in vast areas of the world—where 
thermal mass coupled with earthen construction would radi-
cally contribute to the reduction of carbon footprint. This 
study explores surface figuration for rammed earth construc-
tion through the introduction of ray-tracing simulation and a 
reconfigurable adaptive formwork design, and builds on previ-
ously validated research focused on calibrating the thermal 
exchange rate of vertical surface geometries to improve both 
the aesthetic and thermodynamic performance of passive 
heating and cooling systems in buildings (Cupkova and Azel 

2	 Variables constraining the 
process of rammed earth forma-
tion: diagram of digital workflow 
fabrication and physical prototype 
construction, setting up a system-
atic study to determine geometric 
freedom of variable forms for 
rammed earth panels based upon 
current construction technology, 
performance criteria, and material 
properties

2015) and a thermal simulation study comparing the perfor-
mance of rammed earth assemblies with mainstream wood 
and concrete assemblies, that account for both heat resistivity 
and capacity (Gupta et al. 2020). This workflow combines 
geometric figuration of thermal mass with analytical digital 
tools for the formation of novel surface tectonics, coupled 
with low-tech constructability (Figure 2).

SITUATING R AMMED E ARTH CONSTRUCTION
Vernacular architecture has its materiality deeply rooted in 
social and cultural contexts, connected to local material instru-
mentality, climate, and labor systems (Figure 3). Presently, 
we must consider the geopolitical context of architectural 
production, together with climate impact and redirect current 
design practices towards more historically aware and socially 
nuanced modes of production. Contemporary rammed earth 
construction and paneling are being reinvented as part of the 
sustainable manufacturing endeavor, with projects focused 
on industrializing panelization and pre-casting (REW, n.d.; 
Sirewall 2019). Traditionally, rammed earth construction was 
used in many countries, including present-day China, Europe, 
India, Africa, and the Middle East (Gramlich 2013). The earliest 
mention of rammed earth construction is by the Roman author 
Pliny the Elder, in approximately 79 A.D. Earliest rammed 
earth remnants are often found in hilly areas, since the natural 
soil composition consists of a combination of sand, silt, and 
clay (Jaquin 2011). More recently, rammed earth construc-
tion was used extensively in the Ladakh region, that extends 
over parts of India and Nepal (Chayet, Jest, and Sanday 1990). 
Many contemporary approaches that embrace vernacular 
construction methods intend to elevate earthen buildings 
within advanced manufacturing space, thus expanding on 
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aesthetic language through the use of technological advances 
such as 3D printing (Chiusoli n.d.; Gibson 2019) and robotic 
deposition (Chaltiel et al. 2020; Derme and Mitterberger 2020). 
These experiments propose novel types of architectural forms, 
tightly coupled with their automation frameworks.

Our interest lies in the expressive characteristics of the 
rammed earth figuration, while combining low-tech construc-
tability and thermal characteristics. Historically, rammed 
earth construction techniques differ across regions, and their 
characteristics are evident in the expression of architectural 
surfaces. Differentiation of form and aesthetics are predom-
inantly affected by construction methods and climate needs. 
In India, rammed earth was built mainly in parts, wherein each 
subsequent wall section was constructed by lifting the form-
work on top of the previous one, thereby giving the buildings 
a distinct characteristic where the walls step inwards as they 
grow vertically. Another method within the same region is the 
use of formwork that supports the next layer of the construction 
of each subsequent layer of rammed earth, leaving the gap-like 
openings in the walls as part of the architectural language.

Furthermore, considering that buildings contribute to approxi-
mately a third of global greenhouse gas emissions, refocusing 
on instrumentalizing design and construction methods with 

rammed earth—especially within hot and arid climates—is 
critical. The building construction industry contributes to 10% 
of the total global greenhouse gas emissions, while the emis-
sions from operational energy have increased to a record high 
of 28% from all global energy-related CO2 emissions (UNEP 
2020). With such a high impact on global energy consumption 
and greenhouse gas emissions, it is imperative that we find 
solutions that would minimize the carbon footprint of novel 
construction over the entire life-cycle of the building–construc-
tion, operation, and demolition. In addition to rammed earth 
construction being an environmentally benign alternative to 
current construction materials, the use of rammed earth as a 
thermal storage device has the potential to reduce the energy 
associated with heating and cooling a building while recon-
necting with vernacular practices of architecture.

M ATERI A L A N D DES IGN TECH NIQ U E 
A PPROACH
Vernacular techniques of earthen construction give the initial 
impetus and set the constraints for translation of the tradi-
tional and native knowledge of earthen systems, through the 
operation of digital simulation in rethinking the fabrication 
of variable geometries. This array of material experiments 
expands on the range of approaches to material resilience 
and aesthetics, as well as add foundations to the future 

3	 Geographical impact of rammed 
earth: historical and current earth 
construction extends across the 
globe (Data source: Auroville 
Earth Institute)

4	 Geographical impact of rammed 
earth overlaid with hot and arid 
and temperate climate zones

5	 Discretization logic is based  
on the spatial geometry of 
ramming the earth that sets 
up the relationship between 
ray-tracing as a method to intro-
duce variability and discretization 
of the formwork
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development of distributed technologies, in lieu of central-
ized industrialization within construction, while relying on the 
process of ramming related to a range of geometric space 
that allows for deviation from vertical wall surfaces (Figure 5).

CONS TRU CTION FOR MWOR K GEOM E TRY 
FACTORS
Understanding material characterization as the main design 
framework lies at the center of the ecological approach to 
shaping architectural systems. Our approach to understating 
the characterization of rammed earth is based on combining 
thermal, structural, and material logic into an aesthetic 
framework that builds deeper intuition regarding possible 
formal expressions within the affordances of its making. This 
approach to design computation, simulation, and construc-
tion situates architecture within the hyperlocal approach to 
making. To adopt and utilize the hygrothermal response of 
rammed earth construction, a more holistic material-based 
design approach is required.

Thermal Mass Performance
Thermal inertia can be utilized as recoverable energy storage 
to maintain thermal comfort. The thickness of thermal mass 
and its diffusivity dictate the time required to reach a steady-
state condition. The time taken by the wall assembly to transfer 
heat from the outside surface to the inside surface is known 
as ‘thermal lag’. The energy storage in a wall is dependent 
on the heat storage capacity of the material, its surface area 
and thickness, and the temperature differential through the 
assembly’s cross section. Maximizing the surface area and 

minimizing the thickness can, therefore, be an optimal use of 
building material as heat storage, to which figuration geometry 
can aid in offsetting thermal load (Cupkova and Promoppatum 
2017). Using thermal geometry rulesets to affect the thermal 
mass was the starting point of this study.

The surface geometries, with differing degrees of smooth-
ness and roughness, are developed based on incident solar 
radiation studies (Figure 6). Solar insolation values were used 
to manipulate the external surface of rammed earth panels 
to achieve a greater surface area-to-mass ratio. A range of 
morphologies were tested as their thermal performance 
varies based upon their particular geometric taxonomy 
related to surface-to-volume ratios in thermal mass, and can 
be used by designers to tune the performance—based upon 
their specific contextual requirements.

Typically, heat transfer calculations conducted using simula-
tion software (or manually) are conducted for steady-state 
heat transfer, wherein the temperature on either side of the 
envelope assembly is assumed to remain constant. However, 
this does not represent the actual conditions experienced by 
the building, wherein the external and internal temperatures 
fluctuate with each time step. A series of surface geometries 
based on this ruleset was generated to test the formal expres-
sion gesture relative to fabrication limitations.

An 18 ft x 18 ft south-facing panel in a hot and arid climate 
zone was modeled with a 4-inch grid. An annual solar inso-
lation study was performed using Radiance (Radiance 2016). 
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The sensor data was consequently employed to manipulate 
the surface by performing a vector translation based on the 
values. A smoothing algorithm was applied to the surface. 
The solar insolation study was repeated on the morphed panel. 
The result was a 42% reduction in annual solar insolation on 
the panel due to self-shading and non-uniform distribution 
of incident solar radiation along the curvature of the surface 
(Aronescu and Appelbaum 2021).

The negative of the panel was used to perform ray-tracing 
simulation and verify the limits of the geometry for physical 
prototyping of the formwork. The result is an iterative process 
between surface morphing, slicing height, and ray-tracing 
simulations (Figure 5).

Material Composition
Rammed earth construction primarily consists of wooden 
formwork that is filled in layers with a lightly moist mixture 
of sand, silt, and approximately 20% clay. Each layer is conse-
quently tamped using a wooden tamper to almost half of its 
original volume. This process of tamping the earth is morpho-
logically similar to the formation of sedimentary rocks, and 
has the characteristic layering visible in the walls. The form-
work is then removed and moved horizontally to construct the 
next section, or ‘lifted’ vertically. The wall is then allowed to 
dry slowly naturally. The tightly tamped soil achieves a high 
density and, therefore, acts as a thermal mass. The walls are 
usually constructed as load-bearing walls due to their high 
compressive strength and are historically 12 to 18 inches thick.

The ideal mixture for rammed earth construction is a combi-
nation of different particle sizes. Gravel provides high 

compressive strength and structural stability to the mixture. 
Clay particles act as adhesives, binding the materials together. 
However, the total clay content in the rammed earth mixture 
must be controlled to enable tamping and avoid shrinkage. 
The rammed earth mixture has low plasticity achieved by 
only slightly dampening the earth mixture with less than 8% 
water content. This also ensures that there is almost negligible 
shrinkage. High clay content increases the plasticity index and, 
therefore, must be lower than 20% for most common rammed 
earth mixes. The soil composition most suitable for rammed 
earth construction consists of 40-60% sand and gravel content 
by mass, 20% clay content, and 20-30% silt by mass. The plas-
ticity index should be lower than 30 (Gramlich 2013).

According to field tests conducted on the soil that was exca-
vated from a nearby farm, the mixture used for this study had 
a ratio of 2 parts rich clay, 2 parts clay, 0.5 parts sand, and 0.1 
parts lime, which amounts to roughly 20% clay content, 50% 
sand, 20% silt, and 4% lime. To evaluate the mixture (Figure 
7), field tests were performed. Sedimentation tests were 
conducted to derive the initial clay recipe, and the drop test 
and ribbon tests were used to test the plasticity and homoge-
neity of the mixture.

Structural Performance and Fabrication
Rammed earth has high compressive strength and can 
withstand considerable vertical loading. The layers are 
perpendicular to the direction of vertical loading, reducing the 
probability of developing cracks and shearing, even with the 
articulated surfaces that this study focused upon. The current 
research in advanced form-making with rammed earth is 
concentrated on a horizontally laid construction that is then 
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erected vertically; this is a departure from the traditional load 
transfer profile of rammed earth technology, where the layers 
are perpendicular to the dominant force direction and could 
likely lead to structural performance reduction. By changing 
the layer direction, the lateral shear resistance of the wall is 
reduced. This study proposes a methodology that augments 
the traditional load profile and construction technique (Figure 8).

R AY-TR ACING LOGIC AS CONS TR A INT  
FOR DISCR E TIZ ATION OF FOR MWOR K
Rammed earth construction has historically lacked variability 
in surface figuration due to its constructability. The aesthetic 
quality of a rammed earth structure is typically limited to 
its surface finishing and layering, or artistic sculpting. Our 
interest is in developing a technique that allows for repeat-
ability, future automation, and greater variability of vertical 
construction while simultaneously varying both sides of the 
wall (Figure 9).

The current formwork design and construction technique 
limitations might have also possibly been the defining factors 
in the familiar monolithic rammed earth wall design although 
two critical members contribute to this design vocabulary. 
Firstly, the formwork needs to be rigid, stable, and withstand 
the construction forces. Secondly, to achieve a dense and 
well-compacted wall, the rammer must reach each section of 
the rammed earth module uniformly and wield even tamping 
pressure—roughly perpendicular to the layer direction.

This resulted in rigid design outcomes that could only be 
manipulated in one direction. Once novel geometries were 
evaluated and attempted, it was clear that under these 

6	 Solar insolation study used to 
determine thermal heat delay 
through surface geometry and 
consequent vector translation,  
to set up ray-tracing simulation 
for fabrication setup

7 	 Sedimentation field test,  
clay mixing, and drop test  
to develop the soil mixture

constraints, the possibility of geometric manipulation would 
be highly limited.

This study proposes a discretized reusable formwork system 
that collapses thermal approach and structural loading, while 
setting up the limits that address both. It allows for a vertical 
construction with variable or repeatable surface patterns on 
both sides, thus responding to thermal performance for solar 
shading and heat storage, as well as usability, aesthetics, and 
other factors (Figure 8).

We developed a modular formwork logic that can be fitted as 
an inlay within the conventional formwork to develop novel 
continuously varying geometries throughout construction 
(Figure 12). Ray-tracing serves as an analysis to set the limits 
to the original geometry for constructability through ramming. 
The digital model is sliced into repeatable vertical sections. A 
ray-tracing algorithm, which verifies the ramming constraints, 
is applied based upon variables such as slicing dimensions, 
wall width, and module height relative to the external formwork 
(Figure 11). The internal formwork consists of individually cut 
timber or plywood pieces. The digitally generated morphology 
is consequently milled or sawed into the internally placed 
module. This increases the reach of rammer providing the 
ability to design and construct complex geometries that were 
otherwise not possible with conventional formwork.

Ray-Tracing Geometry
To map the reachability of the rammer based on a maximum 
variation of discretized formwork logic, a computational 
model was developed to conduct a ray-tracing simulation. 
The vector reachability is indicative of the ability to achieve 
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even compression by direct access of the rammer to each 
surface node (Figure 10).

The ray-tracing simulations were performed sequentially for 
the bottom and top modules within the formwork model, for 
a series of differing wall widths of rammed earth, ranging 
from  4 to 12 inches. This methodology helps evaluate the 
reachability of the rammer and the limits of variability. This is 
an iterative process combined with an appraisal of individual 
module/vertical slice height dimensions within the desired 
form. With thinner slices, we can achieve greater reach. Based 
on this initial study, we developed the following design guide 
represented in Figure 11.

S TACK A BLE FOR MWOR K
The digital model is sliced into manageable sections with 
repeatable heights (Figure 12). Each section can be milled (or 
sawed) based on its profile within the internally placed module. 
This method increases the reach of rammer, providing the 
ability to design and construct complex geometries that were 
otherwise not possible with conventional formwork. The 
formwork can be manufactured using any accessible wood, 
timber, or plywood pieces.

The milled formwork contains negative spaces that are filled 
with rammed earth, allowing for ramming throughout the 
surface for maximum effectiveness. Parallel with increased 
surface figurations, the corners of rammed earth walls are 

8	 Thermal variation of the structural rammed earth system is limited  
to maintain loading of the vertical force, with incremental variations  
at each layer of the formwork

9	 Diagram of geometric logic as a constraint for discretized formwork

10	 Diagram of the ray-tracing methodology set-up

11	 Geometry range and constructability of surface figuration,  
while maintaining structural compression load

generally more susceptible to breaking and chipping. This 
became a key consideration in the design of formwork and 
setting up physical prototypes for testing. Slicing of the form-
work provides sequential access of the rammer to reach all 
areas of the soil mixture. The ray-tracing algorithm helps to 
identify the slicing constraint and can be used to test multiple 
permutations of the discretized kit.

GEOM E TRIC PROTOT Y PES
The heights of the slices within these prototypes were digitally 
optimized using ray tracing and based upon widely available 
cost-effective timber. The 2x4 timber was prepared for milling, 
including drilled holes for steel rods that serve as stabilizers 
and guides for the pieces to slide into the already-widely used 
traditional formwork.

Subsequently, the modules are clamped together to create 
the dimensions of the prototypes and are milled on a CNC 
machine, based upon the digital model. This entire process 
creates an iterative feedback loop, starting with a panel 
design, understanding solar implications, setting the limits 
through the ray-tracing methodology, and then retesting the 
formwork using physical prototyping.

Study One: Single-Curved Geometries
The first tests focused on simple surface geometry manip-
ulations to achieve either single curved or rectangularly 
extruded variations of the surfaces (Figure 14). Two degrees 
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of smoothness were tested during physical prototyping to 
verify a wider range of morphological typologies.

The geometry was developed through multiple iterations, 
derived from geometric constraints relative to solar logics, 
aesthetics, and ray-tracing procedures that inform fabrication. 
The formwork slicing was controlled to develop a reconfigu-
rable kit of parts that would achieve even greater variability 
of form, as the formwork is lifted vertically and horizontally.

Figure 12 illustrates the completed formwork insert using 
threaded metal rods for sliding the discretized pieces into 
place, in any desired order.  The potential of ad-hoc reordering 
of the slices is most evident in Figure 15, showing rectangular 
geometry with variable surface articulation during phased 
construction, reusing the same set of discretized slices with 
variable repetition.

Study Two: Double-Curved Geometries
Double curve surface figuration in this study (Figure 13) is 
a result of the solar insolation analysis, used to explore its 
limitation on constructability within the identical method-
ology. Introducing doubly curved surface variations requires 
an additional step in ensuring that the rammer projections 
are reachable. This geometry often requires tamping at an 
angle in addition to vertically loaded tamping. During the first 
few prototyping sessions, it was observed that the ramming 
process could cause portions of soil (that are not within direct 

reach) to coalesce, which put additional limitations on geom-
etry, reactive to material characterization.

Study Three: Three-Dimensional Forms with 2D Formwork
Sequential discretized formwork opens the possibility for 
even more complex rammed earth profiles. Figure 17 depicts 
an experiment in the sculpting of the 3D form—across all 
three axes—using repeatable two-dimensional formwork. 
The height of the sliced module determines the fidelity of the 
outcome relative to the computational model. In this case, a 
1/2 inch piece of plywood was used to create the layers. The 
plywood was planarized and then CNC milled to accommo-
date the shape synthesis and four holes for guide rods. The 
slices fit the conventional formwork framework, similar to the 
prior methodology, but each layer is additionally sliced into 
four pieces to aid formwork removal.

FA BRICATION CH A LLENGES
Each step is critical and can have a significant impact on the 
final panel. It was noted that reducing the module sizes below 
the limits identified in the ray-tracing simulation can result in 
a lack of adhesion with the cantilever geometries. Another 
point of importance is the removal of formwork. Due to the 
intricacies of these geometries, it is important to remove the 
formwork within 12 hours, or when the wall dries by approx-
imately 30-50%. If the formwork is left for too long and the 
earth mixture dries within it, the removal process results in 
breakages.
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CONCLUS ION A N D PRO J ECTIONS
This study systematically evaluated the in-situ vertical construc-
tability of varied surface geometries related to the thermal 
performance of rammed earth, leveraging digital technologies 
and fabrication methodologies. By introducing design vari-
ability in rammed earth construction, there is a possibility of 
further improving its performance and consequently confer-
ring greater design freedom. Rammed earth has significant 
ecological benefits over other prevalent construction technolo-
gies. It is low-cost and reduces the energy spent on production 
and transportation, as easy availability can result in significant 
operational energy savings and reconnects the architectural 
practices to vernacular and local roots. By undergoing system-
atic geometrical exploration, the limitations and opportunities 
of the material can be explored to further improve its design and 
applicability for in-situ vertical adaptation. Through employing 
existing formwork techniques with a few minor additions, the 
discretization of sliding formwork can be leveraged to intro-
duce even greater design freedom.

Additionally, to increase future automation, the author 
proposes the use of adaptive formwork that can be manip-
ulated in series, possibly by a robotic arm. The proposed 
prototype consists of the outer hard shell, which is similar to 
traditional formwork and an inner flexible layer that is sequen-
tially manipulated to achieve the designed variability. The 
author proposes the use of sand as an infill material between 
the flexible and rigid segments, to reduce deformation due to 
lateral forces. Furthermore, the adaptation or manipulation of 
nodes must be performed similarly to the current stackable 
formwork—layer by layer. This will increase the range of reach-
ability by the tamper.

Another critical conversation surrounding adaptive formwork is 
controlling the deformation. The author proposes an iterative 
methodology using adaptive formwork to address this issue. 
Using computational design techniques, especially with the use 
of geometric comparison and feedback via computer vision/ 
point-cloud-based scanning, the node manipulation can be 
adjusted to design for the deformation. Optimum node spacing 
can also be determined to further obtain the desired geometry. 
Such an iterative process can result in beautiful geometric 
evolution of the material, while simultaneously reducing the 
need for fabricating custom formwork. Another area that is 
vastly understudied is the introduction of automation within 
rammed earth procedures. While pneumatic rammers have 
considerably reduced the labor requirement for manual 
tamping, using robotic fabrication can greatly benefit the future 
shape-ability of rammed earth. Leveraging digital technologies 
for rammed earth construction can have a significant impact 
on the adoption of environmentally benign and regenerative 
materials, while simultaneously enhancing design freedom.
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12	 Sequential insertions of discret-
ized formwork pieces during the 
ramming process

13	 Double curved geometry does 
not completely conform with 
the ray-tracing, resulting in a 
constructability tolerance test

14	 Prototype of single curved 
surface geometry in rammed 
earth
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