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Abstract. Heritage buildings in high seismic hazard areas usually have high vul-
nerability due to many factors affecting their seismic performance, including mate-
rial properties, construction procedures applied and preservation conditions. One
especially vulnerable structural system used for thousands of years, is the one
using compacted soils as a construction material, called rammed earth structure.
As rammed earth walls dry and harden, material properties and strength increases.
However, weather phenomena during time like storms, floods, ice and snow change
walls water content and could change overall structural behavior if there is no pro-
tection covers over walls. The aim of this work is to analyze the influence of
weather on the seismic performance of rammed earth walls. Water content pro-
files of two selected walls were calculated and evaporation flux was modelled
from experimental data in reduced scale models inside a climatic chamber. After,
a finite element model was used for computing dynamic linear and nonlinear per-
formance of earthen walls subjected to selected strong motion records, in different
weather conditions. Results indicated that wall shear modulus increase as matric
soil suction increase, rising earthen wall’s stiffness in dry conditions, increasing
vibration frequencies. Under different water content situations, wall’s stiffness
change, vibration frequencies decay and seismic performance changes consider-
ably. Nonlinear walls’ behaviour indicates variable differences between dynamic
results under saturation and under residual dry conditions. Those differences will
have considerable impact in the design, construction, strengthening or rehabilita-
tion programs on rammed earth buildings, impact that has been neglected when
considering earthquake resistance and vulnerability of heritage constructions.

Keywords: Rammed earth walls - weather impact - seismic performance -
matric soil suction - pesidual dry conditions

1 Introduction

Compacted soils have been used as a construction material for buildings (called earthen
structures) for thousands of years [1]. The main three types of such structures are masonry
block, cob and rammed earth wall structures [2]. Rammed earth structures are made using
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compacted soil in layers inside a formwork for building structural wall members [3, 4].
Optimum soil water content and density are commonly used as reference parameters for
construction when they are engineered. Many of this type of buildings have historical
and heritage value; therefore, it is important to understand which will be their future
structural performance, especially when they are in high seismic hazard areas, in order
to design and to execute strengthening programs for heritage conservation.

Any earthen structure can be affected by water content, especially if structures are
not covered by any damp-proof cover. Water content has a remarkable impact on soil
resistance [5—7]. The degree of saturation modifies water pressures inside the soil skele-
ton, causing changes in the stress state and the elastic material properties [8]. Changes
in pore water pressure, can affect structural stiffness and wall’s structural performance.
Francois et al. [9] investigated the structure strength evolution of an earthen wall as a
function of the relative humidity under axial loading, showing that the increase in water
content produces additional deformations in the structure induced by loading conditions.
In the same way, weather conditions can affect structural characteristics of rammed earth
structures. Water content within soil walls changes since the beginning of the construc-
tion stage and during the structure’s life service. Evaporation in dry seasons and wetting
in rainy seasons will change pore water pressure inside the earthen structural elements,
affecting building overall structural behavior under loads. There is a lack of investigation
regarding the influence of such water content changes and seismic behavior of rammed
earth walls. The aim of this paper is to contribute to the knowledge in this area.

2 Walls, Materials, Methods and Models

Two earthen walls having 2.5 m length, 2.4 m height and two different thicknesses (0.30
and 0.50 m) were selected, based on the studies conducted by Bui et al. and El-Nabouch
et al. [10-15]. Fine-grained compacted soil (high plasticity clay CH) with 87% liquid
limit and 37% plastic limit were the selected materials, compacted to a optimum density
(1.34 g/em?) and optimum water content (31.4%) according to the ASTM D698 Proctor
Standard Optimal Test.

Soil dynamic parameters were studied before, using a dynamic shear rheometer
applying a torsional deformation control procedure that allows measuring the maximum
shear modulus and the shear modulus degradation curve in samples conditioned to dif-
ferent saturation degrees, therefore, to different suction values and for a range of shear
strains from 1 x 107 to 1 x 1073 (Fig. 1) [16]. From the same test, experimental results
relating saturation and suction can be observed in Fig. 1 and a comparison with the fitting
curve proposed by Fredlung & Xing [17]. Upper value indicates the air entry represent-
ing the pore pressure where air starts to enter the soil skeleton’s large pore space. Lower
value shows the residual suction which is the water content where large pressures are
needed to remove additional soil water. It is interesting to observe that, when suction is
close to the residual value, the maximum shear modulus reaches to its maximum value;
therefore, it is possible to assume that the air entry value and the residual suction produce
the minimum and the maximum shear modulus, respectively, what was also found by
Dong & Lu [18].
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Fig. 1. (left) Shear modulus degradation curves for different suction conditions S of selected soil
materials [ 16] (right) Water retention experimental values and fitting curve proposed by Fredlung &
Xing [17]

Fredlund & Xing model used can be described using Eq. (1) and (2) as follows:
1

Sr = C(s) — (1
im(e+(£))]
Cls)=1— M @)

100
ln(l + ﬁ)
where: e is the Neperian base constant

Yres: suction value at the residual state

Y¥: matric suction value corresponding to a particular soil sample saturation degree
(Sp).

a, n, m: are experimental parameters obtained (0.95 MPa, 1.04 and 1.50 respectively),
while the residual suction S, obtained was 120 MPa.

Fredlung & Xing [17] model with experimental parameters found were implemented
in a finite-difference formulation for computing the evolution of saturation within the
wall. For this purpose, the mathematical model proposed by Fredlung et al. [19] which is
described in Eq. (3) allowed to compute the relative conductivity of the soil ky,, which
is also required to compute the evolution of saturation within the wall, using:

In(10°) g(e")—6(s)
In(s) = = 29’ (e”)dy

1n(10°) g(ev)— ,
n(10°) e(c‘)y Qsaze/(e))dy

In(sqy) e

krw(8) =

3)

where 6 (s) is the water retention model proposed by [17], y is the water content corre-
sponding to the analyzed intervals (evenly distributed in the logarithmic space). 64 is
the water content of the saturated state. 07: is the first derivative of the model proposed by
[17] s4y: is the suction for the air entry value for the tested soil. In terms of water content
distribution along the walls section, it was assumed that porosity is constant over time.
It permits to compute such distribution using an implicit finite difference formulation of
Richard’s equation, which considers the water flow in the liquid phase, neglecting flow
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in the vapor phase. Formulation uses the continuity equation of water flow in unsaturated
soils:

DY hal$)VY) = 0 4)

n

which establishes a relationship between the degree of saturation (S,) over time (),
the soil’s porosity (), and the divergence of the net water flux which results from the
gradient of the total potential (/) and the water conductivity of the liquid phase (k,,) as a
function of the degree of saturation. The hydraulic conductivity of the liquid phase (k,,)
as a function of the degree of saturation is computed multiplying the saturated hydraulic
conductivity kg, and the relative permeability k., (€), as described in Eq. (5).

kw = xatkrw (0) (5)

A finite-difference formulation using a forward difference time operator and a cen-
tral difference two-dimensional space operator allows solving the mass conservation
equation given in Eq. (4). This procedure allows the discretization in the time and space
domains, as in Egs. (6) and (10), leading to the continuity equation’s discretized form
for water flow in unsaturated soil.

ij-% i+ ki—%,/ i+ ij—% ku‘+% KT ki+%']
w w w w w w w
N Vij-1+ A Vij+1 + N Vi1, + N Vitlj — Vi A NN &~ AT

(6)

The water conductivity k,, was computed as the geometric mean of the adjacent

Vo =k (S)VY) =

il
points of the space discretization. Hence, in Eq. (6), k)2 denotes the geometric mean

[TEE2 [73$1]

of the hydraulic conductivity of the nodes row “i”” column “§”” and row “i”” column “j-1";
and Ax and Ay are the space discretization of the domain along the “x” and “y” axes.
The “x” axis was placed along the thickness modeled rammed earth wall, and the “y”
axis was placed along with the height of the wall.

The time discretization of the continuity Eq. (4) was developed by establishing a
relationship between the saturation degree (S,) and the total potential (v). First, the
change of the saturation degree over time was computed in terms of matric suction (s)
using Eq. (7), assuming porosity of the material (n) as constant in time. The change
of the degree of saturation as a function of suction, known as the water capacity (Cp),

comes from the first derivative of the water retention curve times the porosity (Eq. (8)).

aS, 9S, ds
n =n — (7)
ot ds ot
a5,
no'(s) = Cyp =n BS’ 8

Change of suction in time (%) can be approximated as the change of the total

potential in time (%) (Eq. (9)) [19, 20]. This approximation can be adopted because
the total potential considers the position’s energy and pore water pressure. However, the
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change in position during wetting and drying is negligible compared to the change in
pore pressure.

as 0y
-7 9
at ot ©)

The time discretization of the continuity equation was computed using Egs. (7) to
(9). Therefore, the evolution of the total potential for each time step is computed using

Eq. (10) as follows:

3s 3 YltA gyt
2 — Byl T (10)
ot ot At

Calibration of this numerical model used the experimental results from climate cham-
ber’s tests, in which wall materials — atmosphere interaction was studied and reported
by Lozada et al. [21]. Considering that a key parameter in the soil properties of an
earthen wall is the time to reach internal moisture equilibrium during drying, a climatic
chamber was designed for measuring soil evaporation rate for a specific set of climate
parameters. Lozada et al. experimental program determined the soil water evaporation
rates for a compacted soil, using a climatic chamber that allowed to simulate different
environmental conditions interacting with soil surfaces. Inside the chamber, wind veloc-
ity, solar radiation and relative humidity can be controlled using vents, lamps and cold
plate coolers. The equipment permitted to monitor changes of the soil sample’s mass
due to evaporation causes by the variation of the climate parameters described before.
Mass change can be transformed into water flux which was used in the finite-difference
simulation of the drying process.

Lozada et al. performed soil water evaporation tests on thin compacted kaolin clay
specimens [21]. Evaporation and water flow were obtained in 4 prismatic samples of 0.24
m x 0.24 m and thicknesses of 0.005, 0.01, 0.015 and 0.02 m. The thickest soil specimen
was sampled after testing for its gravimetric water content profile. Table 1 shows the
atmospheric conditions imposed over during testing, while Fig. 2 shows evaporation flux
of the four specimens tested in the chamber. It is possible to observe that evaporation
rate is constant at the initial stages due to the high-water availability within the soil.
The constant evaporation time limit is denoted as a reference time Tr. For longer times,
evaporation rates decrease. The reference time Tr allowed to normalize the four tested
sample time scale. Such normalized relationship and the regression (red line in Fig. 2b)
was used in this research to compute water flux on the earthen walls boundary conditions
during drying. In addition, a linear regression for assessing the reference time at which
evaporation starts decaying and the sample thickness H was used (Fig. 2c). Testing of
a full scale wall under controlled environmental parameters would have taken around
6 months to reach the residual water content; therefore, the prediction of the reference
time using scaled samples is the option. Based on the reduced scale test extrapolation,
the reference time for a 0.3 and 0.5 m wide walls was 20.5 and 33.78 h respectively.

As an example of the water content simulation, a comparison between experimental
and simulated water content profiles obtained for the 0.02m thick reduced scale model is
presented. The numerical simulation intends to identify the wall’s water content profile
during exposure to dry and wet seasons. The drying process simulation used the water
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Table 1. Values of the environmental variables imposed in the climate chamber [21]

Parameter Value

Initial soil thickness (mm) 5.2 10.0 14.5 20.5

Dry density (g/cm3) 1.30 1.31 1.30 1.28

Initial water content (%) 29.5 31.8 31.1 30.0

Irradiance (W/m2) 860 860 860 860

Air velocity (m/s) Mean value nw=159 pnu=15 |[pn=148 |p=1.55
Std. deviation [0 =0.14 06=0.13 |6=0.10 |0=0.10

Air temperature (°C) Mean value nw=404 [n=409 |n=420 |n=425
Std. deviation |0 =3.2 o=2.1 c=15 o=2.17

Relative humidity (%) Mean value nw=19 w=19 =18 w=17
Std. deviation |oc =7 c=4 o=1 =5
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Fig. 2. (a) Evaporation rate in soil specimens. (b) evaporation rate normalized to a reference
time Tr. (c) relationship between reference time Tr and wall thickness (H) of the samples during

evaporation.

flux measured in the climate chamber as a boundary condition. The evaporation boundary
condition identified in the chamber was imposed during the dry season, while imposed
potential, corresponding to zero pore pressure, was imposed to simulate wet season.
The evaporation simulation initial state was assumed as the potential corresponding to
a 86% saturation degree. The wetting simulation initial condition correspond to the end
of the drying simulation. The simulation time was 8.3 h, and the water content profile
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was computed at the end of the simulation. Figure 3a shows the comparison between the
numerical and experimental water content profile. This result allowed to consider that
the numerical model can predict the transient evolution of the water content on the two
rammed earth structures studied later.
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Fig. 3. (a) Comparison between experimental and numerical water content profile for a 0.02 m
thick reduced scale specimen. (b) Evolution of soil saturation profile during drying and wetting
for a 0.3 m thick wall (upper) and 0.5 m thick wall (lower).

The two earthen walls considered in this study have 2.5 m length and 2.4 m height,
and their thicknesses are 0.3 and 0.5 m. In the numerical models, shorter faces are imper-
meable, whereas, on faces 2.5 by 2.4 m, evaporation or infiltration boundary conditions
are imposed. Figure 3b shows saturation degree’s evolution within the two simulated
walls for different elapsed times. Drying boundary condition was applied for 4333 h; after
this drying phase, results show the convergence of water profiles to a value of saturation
approaching the compacted material’s residual water content. During the wetting pro-
cess, Fig. 3 shows the faster evolution of the water profiles. For example, the time taken
for the 0.3 m wall to reach saturation was 1444 h during the wetting process, compared
to the time taken to reach the residual water content 2500 h in the drying simulation.
This example evidenced that rammed earth walls can change their mechanical response
faster during a wetting process than over an evaporation process. Therefore, for a real
structure, it is essential to guarantee correct waterproofing to avoid rapid mechanical
changes of the compacted soil.
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3 Dynamic Simulation and Walls Seismic Performance

The numerical model described before was implemented in OpenSees using the water
content and suction profiles computed as described in the previous section. The Pressure
Independent Multi-yield material was assigned to these elements to model the undrained
behavior of clays. The modulus reduction curves obtained before were introduced in
these materials depending on each point of the wall’s water content. The modulus val-
ues and the shear modulus reduction curves were linearly interpolated for intermediate
values of suction. The natural translational frequency along the strong direction and the
modal shape were computed for different times associated with the finite difference sim-
ulation’s water content profile. Then, Loma Prieta Gilroy N°1 E-W seismic signal was
introduced in the model along the wall’s length for computing the structural behavior at
the initial and residual water content states. Figure 4a shows the first translational mode
of vibration along “y” direction, after applying a finite element model having 2400 brick
elements (8 nodes — 3 translational degree of freedom) for 0.3 m wall and 4000 brick
elements for the 0.5 m wall. Saturation profiles obtained before were used for obtaining
mechanical properties in each wall node. The effect of the saturation state on the struc-
tural stiffness was reflected as a change in the fundamental frequency. The influence of
wall thickness was assessed by comparing the two modeled walls and their fundamental
frequency evolution during the wetting and drying process. Figure 4b shows the evolu-
tion of the natural frequency during drying and wetting cycles, where it could be seen
that the fundamental frequency converges to a constant natural frequency on both drying
and wetting. Moreover, the vibration frequency for the evaporation simulation’s initial
state was similar to the frequency obtained at the end of the wetting simulation. The
convergence of the frequencies appeared because at the beginning of the simulation and
the end of the wetting and drying processes, the states’ water profiles were nearly homo-
geneous, and shear modulus converged to a constant value when the soil approached
either saturation or the residual dry state. The first mode of vibration estimated with the
shear beam theory [13, 14] is also compared with the obtained values in Fig. 4. Differ-
ences appeared because deformations due to bending and shear are both considered in
the simulation.

The Loma Prieta Gilroy N°1 E-W seismic record was used to compute the walls
seismic response. This record was selected due to its frequency content and significant
amplitude; Fig. 5 (left) shows the acceleration record and its Fast Fourier Transformation
(FFT) with a 2.65 Hz predominant frequency, and a PGA of 4.75 m/s?. The acceleration
at the top face of the walls under the seismic signal was computed for the walls at
their extreme wet and dry states, where a homogeneous profile of water content was
achieved (i.e., compaction and dry residual states). These states were selected because
the natural frequency of vibration converges to two values, one corresponding to the
initial or saturated state and the other corresponding to the residual dry water content.
Figure 5-midle (a) and (b) shows response accelerations of the 0.3 m thick wall computed
for the two extreme conditions, while the FFT spectrum of both responses are showed
in Fig. 5-middle (c) and (d). The maximum accelerations obtained were 4.04 m/s? and
1.81 m/s? for the wall having a saturation of 86% and 6%. This response reduction can
be attributed to the wall’s different stiffness between the wet and the dry states. Figure 5-
right shows the same results for the 0.5m thick wall, where the maximum accelerations



Impact of Environmental Conditions 1017

807 £ (hz)

Computed ___
acceleration

= Time (hr)
|<.V S 20 T T 1 T |( ]
(a) " = (b) 0.0x10" 1.0x10° 2.0x10° 3.0x10° 4.0x10° 5.0x10° 6.0x10° 7.0x10’

Fig. 4. (a) Translational vibration mode in the “’y” in plane direction of the 0.5 m thick modelled
wall. (b) Evolution of the translational vibration mode over time of the same wall.

obtained were 3.37 and 1.81 m/s2, for the same saturation states. Figure 6 shows the
displacement seismic response of both walls under the mentioned saturation states.
Results showed again that the structure performed better in dry state than the wet state,
reaffirmed the importance of waterproofing once walls reach the residual water content.
In addition, it is possible to observe that the wet state models presented permanent
deformation after entering in the inelastic range, resulting in permanent damage after
the earthquake.
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Fig. 5. (left). Loma Prieta Gilroy N°1 E-W seismic record and its FFT, showing a predominant
frequency of 2.65 Hz and a PGA of 0.48 g. Figure 5 (right) are the acceleration response of 0.3
m and 0.5 m thick wall in wet (86%, in blue) and dry (6% in red) saturation states and their FFT
spectra.



1018 J. Villacreses et al.

2x10" — Relative displacement (m)

0% o 30 om thick wall
0 ] ‘ulw-"r' ik N R
-1x10%
-2x10* -] Ti .
3x10° — — I e (2]
2x10" —Relative displacement (m)
' — 50 cm thick wall
0 ] PR |
] Lk aliu s b b
-1x10* ] B Welsiale
-2x10% M Dry state .
S3x10™ T T T ] T T [ T T T T [ T 1T _I[‘lm? ($)|
0 5 10 15 20

Fig. 6. Displacement seismic response of 0.3 m and 0.5 m thick walls, in wet and dry saturation
states under the Loma Prieta Gilroy N°1 E-W seismic record.

4 Conclusions

The influence of environmental conditions on rammed earth structures’ seismic behavior
was analyzed on two wall geometries with two different thickness (i.e., 2.5 m length
by 2.4 m height by 0.3 and 0.5 m thickness). An experimental campaign and numeri-
cal simulations were used to achieve the objective. The experimentation phase sought
to study the compacted material’s hydromechanical properties and establish an evap-
oration flux when the compacted soil interacts with the environmental conditions. A
torsional undrained-unsaturated test was performed on samples at different saturation
states for measuring the relationship between maximum shear modulus, shear modu-
lus degradation curves, and suction. A climatic chamber with constant environmental
conditions test results were used to measure the soil specimen’s water flux. Then, finite
difference model results were validated by comparing mathematical estimations against
the climatic chamber test results. Values were used to compute water profiles of the
modeled walls. Finally, a finite element model was implemented to assess the change in
the dynamic properties of the walls and to evaluate their seismic performance.

Results obtained demonstrated mechanical properties dependence on water content.
The compacted soil test results showed that the shear modulus increases as matric suc-
tion increases (i.e., a reduction of saturation degree within the sample). The maximum
shear modulus and suction relation presented a sigmoidal shape related to the soil-water
characteristic curve. It was also demonstrated the interaction between environmental
conditions and the compacted material. The results showed a constant water flux up to
a time when an exponential decrement can be fitted. Besides, the residual water content
could be measured under constant environmental conditions. After, the water content
profiles were computed through a finite difference approach validated with the envi-
ronmental test’s experimental results. Finally, finite element simulations revealed an
increment of the wall’s stiffness in dry conditions reflected in the increase of the fun-
damental frequency of vibration. The frequency increased from 32 Hz to 49 Hz for the
30 cm wall and 30 Hz to 49 Hz for the 50 cm wall. These results led to the subsequences
findings when a non-linear dynamic simulation using a strong ground motion register
was performed. The walls behave differently under the same seismic event when their
water content is close to saturation or residual state. The walls with high water content
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have greater seismic demand compared to when they are dry. It means that environmen-
tal conditions had a significant influence on the mechanical behavior of earth structures.
This aspect could substantially impact the design, construction, reinforcement, or reha-
bilitation of earth structures in the future. Nowadays, these aspects are not considered
in earthquake resistance design, repair, straightening and rehabilitation studies. In terms
of heritage buildings, those aspects could have enormous impact, if they are neglected.

This research used a new procedure and equipment that could be implemented in
professional practice. The interaction of the structures and environment can be studied
using the novel climatic chamber. The mechanical properties can be obtained using a
torsional shear rheometer combined with suction measure equipment. This investigation
opens new possibilities for future works where the influence of aspect ratios, different
environmental conditions at the faces of the walls, or different compacted materials
could be studied. Even more, the influence of several dry-wet cycles during the lifetime
of the earth structures and the impact on their mechanical behavior could also be part of
further similar studies.
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