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Effect of dissolution on the load–settlement behavior of
shallow foundations
Minsu Cha and J. Carlos Santamarina

Abstract: Mineral dissolution and solid–liquid phase change may cause settlement or affect the bearing capacity of shallow
foundations. The effect of gradual grain dissolution on small-scale shallow foundation behavior is investigated using the discrete
element method. Results show that dissolution is most detrimental during early stages, as initially contacting particles shrink
and force chains must reform throughout the medium. Porosity tends to increase during dissolution and force chains evolve into
strong localized forces with a honeycomb topology. Higher settlements are required to mobilize bearing resistance in postdissolution sediments than in pre-dissolution ones. Subsurface mineral dissolution beneath a footing under load is the worst
condition; in fact, settlements in such cases are higher than when a foundation load is applied on a sediment that has already
experienced dissolution.
Key words: mineral dissolution, shallow foundation, discrete element method, footing load–displacement behavior.
Résumé : La dissolution de minéraux et le changement de phase solide-liquide peuvent causer un tassement ou inﬂuer la
capacité portante des fondations superﬁcielles. L’effet de la dissolution progressive de grains sur le comportement de fondation
superﬁcielle à petite échelle est étudié à l’aide de la méthode à éléments discrets. Des résultats montrent que la dissolution est
plus nuisible au cours des premiers stades puisque les particules contactées initialement rétrécissent et des chaînes de force
doivent se réformer tout au long du milieu. La porosité a tendance à augmenter au cours de la dissolution et les chaînes de force
se transforment en une force localisée avec une topologie en nid d’abeille. Des tassements supérieurs sont nécessaires pour
mobiliser la résistance de roulement dans les sédiments à post-dissolution contrairement aux sédiments à pré-dissolution. La
dissolution de minéraux en sous-surface sous un empattement sous charge est le plus mauvais état; en fait, les tassements dans
ce cas sont supérieurs quand une charge de fondation est appliquée sur un sédiment qui a déjà connu une dissolution. [Traduit
par la Rédaction]
Mots-clés : dissolution de minéraux, fondation superﬁcielle, méthode d’éléments discrets, comportement de déplacement
d’empattement sous charge.

Introduction
A ﬁrm foundation can be compromised by dissolution-driven
solid mass loss and volume contraction. Examples extend beyond
the common case of carbonates and karst terrain, and include
foundations built in cold regions that are subject to ground thawing, offshore structures founded on hydrate-bearing marine sediments, and mineral dissolution in CO2 geological storage projects.
Even low-reactivity minerals could compromise the performance
of critical infrastructure with long design lives such as dams and
waste repositories. Furthermore, there are other mechanisms for
internal volume contraction that may have macroscale implications similar to mineral dissolution, such as loess collapse upon
wetting (Haq and Kibria 1994; Houston et al. 2001; Rinaldi et al.
1998; Rodrigues and de Lollo 2007).
Particle-scale dissolution affects small- and large-strain properties. The sediment contracts yet the void ratio increases during
dissolution (Cha and Santamarina 2014; Fam et al. 2002; McDougall
et al. 2013; Muir Wood et al. 2010; Shin and Santamarina 2009;
Tran et al. 2012; Truong et al. 2010), and a “honeycomb fabric”
emerges (Shin and Santamarina 2009; Shin et al. 2008). The value
of the coefﬁcient of earth pressure at rest, k0, decreases often to the
coefﬁcient of active earth pressure, ka, before it recovers (experi-

ments in Shin and Santamarina 2009; simulations in Cha and
Santamarina 2014), and shear wave velocity decreases and attenuation increases during dissolution (Fam et al. 2002; Truong et al.
2010). The peak friction angle is lower after dissolution (Fam et al.
2002; Tran et al. 2012), and the cone penetration resistance decreases with increasing dissolution (Cha and Santamarina 2013).
The effects of gradual grain dissolution on the load-settlement
response of shallow foundations are explored herein using the
discrete element method. We consider two distinct histories: footing “load before dissolution” and “dissolution before load”. The
numerical simulation study assumes homogeneously distributed
soluble grains throughout the medium (this is one of various
dissolution patterns observed in nature). In addition, simulations
effectively represent a small-scale 1g model rather than a full-scale
footing; however, results provide unique insight on load–dissolution
phenomena relevant to ﬁeld situations.

Numerical simulation
Figure 1 shows the test geometry and boundary conditions; simulation parameters are summarized in Table 1. Details follow.
Geometry and boundaries
The design of the discrete element simulation takes into consideration previous model results to minimize scale effects: (i) the
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Fig. 1. Discrete element modelling study: problem geometry and
boundary conditions. (Note: soluble particles are shown in red;
SF = 10%: 1057 out of 10 567 disks.) [Color online.]

Table 1. Simulation parameters: two-dimensional discrete element
code (PFC-2 D).
Property

Value

Grains (disks) Initial radius of disks

Boundary
conditions

Uniform size distribution
(Rmin = 0.4 mm,
Rmax = 0.6 mm)
Number of disks
10 567
Mass density of disks (kg/m3) 2650
Linear contact model
Normal stiffness, kn (N/m) 108
Shear stiffness, ks (N/m)
108
Interparticle friction
0.5
Hindered rotation, HR (%)
0, 40, 80
Number of dissolvable
1057 (10%)
particles
Initial specimen dimension 10 cm × 10 cm
(height × width)
Upper surface boundary
Free
Lateral strain
0
Particle-to-wall friction
0

ratio of the footing width, B, to the soil mean grain size, d, is B/d = 20
(Kusakabe 1995; Lau and Bolton 2011); (ii) the ratio of the depth
from the footing to bedrock, H, to the footing width, B, is H/B = 5
(Cerato and Lutenegger 2006); and (iii) the ratio of the footing
width, B, to the distance to lateral boundaries, W, is B/W = 5 (Davis
and Selvadurai 2002). Even with these tight boundaries, this twodimensional model involves 10 567 grains, to which the study is
limited due to computational expenses in dissolution and loading
on unstable, sensitive post-dissolution specimens (note: we do not
use symmetry along the centerline to avoid preferential grain
alignment against straight boundaries; similarly, we do not use
periodic lateral boundary conditions because it biases the stress
ﬁeld). There is no friction between the sediment and walls, or
between the sediment and footing plate.
Approach and procedure
Randomly positioned frictionless disks are allowed to grow
to their target size (uniform size distribution: minimum radius
Rmin = 0.4 mm to maximum radius Rmax = 0.6 mm). Then, interparticle friction and gravity are turned-on under zero lateral
strain boundary conditions h = 0. Angularity and interlocking are
captured by hindering the rotation of a selected fraction of parti-

cles. Spherical particles rotate more freely than nonspherical ones
found in real sediments where interlocking inhibits rotation. Although particle rotation has a limited effect on elastic properties,
it alters shear resistance and volume change (Bardet 1994; Iwashita
and Oda 1998; Mohamed and Gutierrez 2010). In this study, rotation is hindered on pre-selected particles as a numerical proxy for
angularity and interlocking (Bardet 1994; Iwashita and Oda 1998;
Suiker and Fleck 2004). Three different fractions of particles with
hindered rotation, HR (%), are considered: HR = 0% (without hindered rotation), 40%, and 80% (see Cha and Santamarina (2014) for
a discussion of this numerical proxy). The linear contact model is
used for this two-dimensional study (O’Sullivan 2011).
Soluble particles are randomly selected: the mass fraction, SF,
of soluble particles is 10% in all these simulations. Dissolution
under zero lateral strain is simulated by gradually reducing the
radius of all the soluble particles at the same rate. The gradual size
reduction is performed by numerous steps of minute size reduction (radius reduction of 1/50 000 times initial radius in each step),
each step followed by a full equilibrium stage. In particular, the
ratio of the mean unbalanced force to the mean contact force is
always smaller than 0.001 to ensure stable conditions throughout
the dissolution processes.
Load– dissolution histories
Load–settlement simulations are done in stress-controlled mode
by increasing the load in small steps. Simulations are performed for
three load–dissolution histories: (i) load–settlement tests on original
pre-dissolution sediments loaded to failure; (ii) load–settlement tests
on post-dissolution sediments, in which case the dissolution
takes place before load application; and (iii) loading to a factor
of safety FS ⬃ 2.5 followed by grain dissolution under constant
vertical load.

Results
Preliminary study
The macroscale friction angle, , for different degrees of hindered rotation, HR, is determined in a preliminary set of tests
designed to measure the angle of repose. Results show that  =
22°, 35°, and 48° for HR = 0%, 40%, and 80%, respectively. These
results highlight the effect of rotational frustration — typically
associated with angularity and interlocking — on the soil friction
angle (see additional results in Cha 2012). Numerical results obtained for the three load–dissolution histories are reported next.
Case 1: Load before dissolution
The load–deformation response obtained for footings on soils
with different angularity HR are plotted in Fig. 2. The three cases
show high initial stiffness. Similar to ﬁeld tests, resistance continues to increase as the footing settles. Consider the footing bearing
capacity, qult, as the load at a normalized settlement ␦/B ⬃ 20%,
where ␦ is the settlement (Lee and Salgado 2005; Loukidis and
Salgado 2011; Mayne and Illingworth 2010). The measured qult values reﬂect the pronounced effect friction angle has on bearing
capacity; in fact, when compared with free rotation (HR = 0%,  =
22°), bearing capacity at ␦/B ⬃ 20% is ⬃3 times higher when hindered rotation is HR = 40% ( = 35°) and 16 times higher when
HR = 80% ( = 48°). These results are approximately in line with the
exponential increase in bearing capacity with increasing friction
angle predicted by analytical solutions.
Case 2: Load after dissolution
The load–settlement response for the footing on post-dissolution
sediments shows lower stiffness (in agreement with lower stiffness observed in simple shear simulations reported in Cha and
Santamarina (2014) and gradual settlement from the onset of loading (Fig. 2). Load after dissolution requires signiﬁcantly larger
settlements to mobilize internal friction to achieve the same capacity than load before dissolution.
Published by NRC Research Press
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Fig. 2. Footing load versus Settlement, load-controlled simulation:
(a) HR = 0%; (b) HR = 40%; (c) HR = 80%. (Note: black circle on x-axis
indicates surface settlement in the absence of a footing observed at
end of dissolution. Green square on x-axis adds to the black circle
the settlement that footing experiences at q = qall when loaded after
dissolution.) [Color online.]

Case 3: Dissolution under a constant footing load
Finally, consider the case when the footing sitting on the original pre-dissolution soil is loaded to an allowable load, qall, that
corresponds to a factor of safety FS = qall/qult ≈ 2.5; then, the sediment is subjected to dissolution while keeping the footing load
qall constant. Figure 3 shows the dissolution-induced settlement at
constant load qall as a function of the size reduction ⌬R/R0 soluble
particles experience (where ⌬R and R0 are the change in radius and
initial radius, respectively), i.e., a proxy of dissolution time. During
early stages of dissolution, settlement is almost linear with size reduction and dissolution is most detrimental to the sediment structure as initially contacting particles shrink and force chains must
reform throughout the medium. The more frictional sediment
(e.g., HR = 80%) shows sudden displacement due to collapse of
pronounced arching in more frictional sediment under dissolution. Most of the settlement occurs before ⌬R/R0 < 60%. During
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later stages, small dissolving particles fall within voids and
additional dissolution does not affect the load-carrying granular skeleton.
Comparison
Results superimposed on Fig. 2 for all levels of interlocking and
load–dissolution histories show similar relative trends. The black
circle on the x-axis shows the settlement in the soil mass during
dissolution without the footing; the green square on the x-axis
adds to the black dot the settlement the footing experiences in
load after dissolution when the footing load is q = qall. It can be
seen that dissolution under an existing foundation load (blue line)
causes a ﬁnal settlement that is greater than the total settlement
the sediment accumulates during dissolution followed by loading
(green square).
Figure 4 shows grain displacement vectors for all three load–
dissolution histories in the same scale for the case of free rotation
HR = 0%. Displacements during pre- and post-dissolution loading
are concentrated near the footing (Figs. 4a and 4b). Particle movements are the highest during dissolution under a constant load,
affecting particles at greater depth, and causing signiﬁcant upward grain ﬂow away from the footing (Fig. 4c). Note that, in
Fig. 4c, particle movements due to dissolution are subtracted from
total movements, so that only particle movements due to the
foundation loading appear and thus the magnitude of particle
displacements can be compared with Figs. 4a and 4b. See Figs. S3
and S4 in the supplementary data1 = 40% and 80%.
The internal fabric in the original pre-dissolution sediments is
characterized by low porosity (n = 0.168) and distributed contact
force chains (Fig. 4a). On the other hand, the post-dissolution
sediments have higher porosity (n = 0.204 for HR = 0%, n = 0.230 for
HR = 40%, and n = 0.245 for HR = 80%), and exhibit “honeycombshaped” larger force chain circles that lead to lower stiffness and
higher compressibility (Shin and Santamarina 2009; Tordesillas
2007; Tordesillas et al. 2011) (Figs. 4b and 4c).
Boundary effects
While H/B = 5 is within the recommendations by previous literature, B/W = 5 may be marginal and create boundary effects. The
force exerted by particles at the side walls increases with foundation pressure (Fig. S1; refer to supplementary data for Figs. S1–S4
mentioned in this paragraph),1 which indicates boundary effects.
Higher wall forces are created with more frictional specimens as
higher foundation pressure is applied to reach capacity (Fig. S1b),
which may increase the boundary effect. Lateral extent of the
shear failure surface is greater as the friction angle increases, thus
the interaction of the passive zones and spiral slip surface with
walls should be more prominent in specimens with a higher internal friction angle. Figure S2 shows the specimen with a higher
friction angle, creating a larger failure surface and interacting
more with boundaries. Marked granular interaction with lateral
boundaries is also observed when large deformation is created
during dissolution under load (qall) (Figs. 4c, S3c, and S4c). In laboratory tests, rigid lateral walls normally overestimate capacity by
their conﬁning effect. However, no friction at the walls in our
simulations may offset the boundary conﬁnement to some degree, e.g., contact force chains are relatively weak at passive zones
and near the end of the spiral surface toward the walls in Figs. 4c,
S3c, and S4c. In the same context, in Fig. S2b, particles are free to
move upward at the end of the spiral surface due to frictionless
walls. Proper quantiﬁcation of the boundary effect on the load–
settlement behavior requires systematic calibration using numerical chambers.

Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cgj-2014-0370.
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Fig. 3. Settlement versus normalized grain size reduction for dissolution under constant load qall for all three levels of imposed hindered
rotation. (Note: the three simulations are run at different loads qall, but at the same factor of safety.)

Fig. 4. Contact force chains and displacement vectors for the three cases at the same foundation load q = 0.5 kPa (case: hindered rotation
HR = 0%): (a) load before dissolution; (b) load after dissolution; (c) dissolution at constant load qall. (Displacement vectors and contact force
chains are shown at the same scales.) [Color online.]

Conclusions
Mineral dissolution affects sediment internal structure and the
load–settlement response footings experience. When dissolving
grains are homogenously distributed throughout the medium,
dissolution is most detrimental during early stages as initially
contacting particles shrink and force chains must reform throughout
the medium.
Porosity tends to increase during dissolution; in fact, the higher
the sediment internal friction, the higher the ﬁnal porosity after

dissolution in the stress regime explored in this paper. Furthermore, force chains evolve into strong localized forces with a honeycomb topology.
Higher settlements are required to mobilize the same bearing
resistance in post-dissolution sediments than in pre-dissolution
ones. Grain angularity and interlocking signiﬁcantly increases the
overall load capacity on sediments either before or after dissolution. Subsurface mineral dissolution beneath a footing under load
is the worst condition; in fact, settlements in this case are higher
Published by NRC Research Press
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than when a foundation load is applied on a sediment that has
already experienced dissolution.
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