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a b s t r a c t

This study investigates the mechanisms by which a masonry vaulted structure responds to settlement of
supports considering a wide range of possible settlement scenarios through a numerical model substan-
tiated with experimental evidence and on-site evaluations. The simulation based investigation of settle-
ment induced damage is completed on the Fort Sumter, SC, where the numerical model is developed
through a multi-faceted approach utilizing field investigations including material testing of specimens,
three-dimensional laser scanning of fort’s geometry, and dynamic measurements of relative movement
between adjacent structural components. The poorly known model input parameters are substantiated
with comparisons against measured dynamic characteristics of the fort, and the remaining uncertainties
in the input parameters are propagated to the model output to obtain a probabilistic evaluation of the
fort’s behavior under various settlement scenarios.

! 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Differential settlements occur when soil conditions below the
foundation are inhomogeneous or the load distribution at the
soil–structure interface is non-uniform. The subsequent angular
distortions and tilting of the superstructure disturbs the structure’s
intended geometry, resulting in the development of tensile stres-
ses. These tensile stresses can lead to cracking if the magnitude
of the tensile stress exceeds the rather small tensile capacity of ma-
sonry. Thus, a relatively small magnitude of settlement can lead to
cracking of the masonry assembly. These cracks, if uncontrolled,
can ultimately lead to sudden hinge formations due to the brittle
nature of historic unreinforced masonry, which in turn can result
in structural instability. Little is known however, about the early
warning signs of settlement induced damage to historic masonry
structures, which typically are a complex system of arches, vaults,
piers and walls. If such warning signs are known, infrastructure
managers could identify when support settlement are the cause
of structural distress and take precautionary actions to prevent po-
tential structural instability.

For many existing structures, the settlement magnitudes and
types that form hinges in the structure and lead to cracking are dif-
ficult to determine through analytical, closed-form-solutions, gi-
ven the structure’s complex geometric configuration and material
behavior. Empirical approaches published in literature regarding
the determination of critical settlements have many limitations
such as isolation of settlement-induced damage from other sources
and lack of exhaustive, quantitative analyses [1–4]. On the other
hand, numerical simulations are identified as effective tools for
analyzing the behavior of masonry structures under any settle-
ment severity and configuration [5–8].

The major challenge in developing numerical models for his-
toric masonry is the assignment of accurate input parameters, such
as geometry, material properties and boundary conditions [9,10].
This challenge is further magnified in the case of historic monu-
ments that have irregular geometric features with permanent
deformations, high spatial variability of material properties, and
uncertain interactions between adjacent components and between
the structure and ground [10–12]. To ensure model predictions are
representative of the actual structural behavior, on-site data must
be incorporated to mitigate potential uncertainties and errors in
model input parameters [13,14,25]. Accordingly, using a numerical
approach integrated with experiments, this manuscript presents a
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probabilistic evaluation of the settlement-induced damage to an
unreinforced masonry vaulted casemate of Fort Sumter under the
incremental development of a wide range of possible settlement
scenarios.

This manuscript is organized as follows. Section 2 provides a
brief history and reviews the structural characteristics of Fort Sum-
ter while Section 3 details the field investigations that support the
development of the numerical models. The development of the
three-dimensional nonlinear FE model of the casemate is discussed
in Section 4, followed by a discussion on the calibration of the
imprecisely known parameters of this model against in situ vibra-
tion measurements in Section 5. Section 6 presents the simulated
response of the vaulted casemates for various support settlement
while, quantitative and qualitative assessments under the simu-
lated support settlement scenarios are provided in Section 7. Final-
ly, Section 8 investigates the effect of uncertainties in the model
input parameters remaining after calibration followed by a sum-
mary of the manuscript and concluding remarks.

2. Fort Sumter National Monument: History and structural
system

The construction of Fort Sumter began in 1829 with local sand
being used to create a two-acre island. Ten thousand tons of gran-
ite and over sixty thousand tons of other assorted rocks were used
to provide a foundation [15]. By 1860, the pentagonal-shaped fort
had 5 ft. thick, 50 ft. tall brick walls, enclosing a parade ground of
approximately an acre (Fig. 1). The nearly four million bricks used
in the construction of the walls were manufactured locally. The
mortar used was a mixture of local sand, cement from New York
and limestone from burnt oyster shells [15].

The walls of the fort, except for the gorge wall, are made up of a
series of structures called casemates which once held two tiers of
arched gunrooms. The perimeter of the fort is encased by a scarp
wall, which has gun embrasures on four sides to allow cannons
to fire. Typical of third system coastal fortifications, the barrel
vaulted casemates, which hold the cannons, are built adjacent to,
but, detached from the scarp wall. This construction detail sepa-
rates the scarp wall and the casemate as independent structural
entities and keeps any external damage by cannonballs isolated
to the scarp wall [16].

During the Civil War, Fort Sumter was bombarded from virtu-
ally all sides and left in a state of ‘‘practical demolition’’ [60]
(Fig. 2a). After the war, three barbette platforms and 11 lower-tier
gunrooms were reconstructed. Originally over 50 ft. tall, the fort’s
walls have been reduced to one tier of casemates (Fig. 2b). In
1948, Fort Sumter was declared a national monument and has
since been maintained by the National Park Service.

3. Site inspection and evaluation: Data collection for model
development

This section discusses the field inspections of the present condi-
tion of Fort Sumter, including (i) physical tests on material sam-
ples, (ii) three-dimensional laser scanning of the fort’s geometry
and (iii) ambient vibration testing of the casemates.

3.1. Coring samples and material testing

Although the construction drawings of the fort indicate the fort
was originally designed with brick masonry all throughout the
walls (see U.S. National Archives, Drawer 66, Sheet 1), on-site eval-
uations and cored samples reveal a construction of masonry walls
with concrete infill (Fig. 3). Therefore, the brick walls of Fort Sum-
ter are heterogonous in nature, not only in the use of masonry
units and mortar joints, but also in the inner morphology of the
structural system with lower strength filler material or cavities.
To reflect this heterogeneity, three distinct regions with individual
material properties are identified in the numerical model: (i) the
masonry walls and piers, (ii) the barrel vault of the casemate
and, (iii) the tabby concrete infill in the scarp wall and piers
(Fig. 3). An independent parameter value is assigned for the vault
to reflect the differences in the joint orientation.

Most masonry mortar used at Fort Sumter is constituted of nat-
ural cement (also known as Rosendale cement), lime and sand [17].
Rosendale cement is a binder generally producing lower strength
mortar than Portland cement–sand mortars [18]. The concrete
infill of the fort can be best described as ‘‘tabby concrete’’ – a con-
crete-like compound generally composed of quicklime (obtained
by burning oyster shells) and aggregate (composed primarily of
oyster shells and sand with some brick pieces) [19]. To determine
characteristics of brick and mortar used during the construction, a

Fig. 1. Roof plan marking the six casemates to be modeled and the locations of the
core sampling points (plan drawing courtesy of National Park Service).

Fig. 2. (a) Photo taken on August, 1863 showing the first breech in Fort Sumter walls (original photograph by G.S. Cook) and (b) photo taken in August, 2011 showing the
current condition of Fort Sumter casemates.
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305 ! 355 ! 152 mm block sample is collected from the site and
tested in the laboratory (Fig. 4a and b); while the characteristics
of the concrete infill are determined from the cored specimens.

Two samples, cut from the block specimen collected on site
(Sample A and Sample B as shown in Fig. 5), are tested to obtain
both compressive and tensile material properties. During compres-
sion experiments, Sample A is tested for compressive strength in
the direction normal to the bed-joint (Fig. 5a), while Sample B is
tested for compressive strength in the direction parallel to the
bed-joint (Fig. 5b). The compressive strength of the brick and mor-
tar assembly is determined using 50 mm cube specimens accord-
ing to ASTM C109/109M-11a. The modulus of elasticity is
calculated as the slope of the elastic region of the stress–strain
curves as shown in Fig. 5c. For both samples, averaged modulus
of elasticity of 3.57 GPa and compressive strength of 20.7 MPa
are obtained. The mean values for modulus of elasticity are consid-
ered as prior information for the calibration of the numerical mod-
el against experimentally obtained vibration measurements
(discussed later in Section 5.2).

Three point flexural tests conducted on samples cut from the
block specimen (Fig. 6) yield the tensile strength of mortar and
brick as 0.65 MPa and 2.37 MPa, respectively. The final tensile
strength is calculated as a volumetric average of the mortar joints
and brick units and set to 2.07 MPa. Moreover, bulk densities are

calculated by cutting the specimen into cylinders and measuring
the weight-to-volume ratio. The densities of brick and mortar that
are measured as 1490 kg/m3 and 1670 kg/m3, respectively. A volu-
metric average yields a density of 1500 kg/m3 for the masonry
assembly.

Diametral tests on three core samples of tabby concrete, shown
in Fig. 4d, provide a compressive modulus of elasticity of 530 MPa
and average tensile and compressive strength of 0.53 MPa and
6.37 MPa, respectively. The density of the tabby concrete infill is
measured from the core samples as 1600 kg/m3. The material
properties used in the FE model are summarized in Table 1. Note

Fig. 3. Solid model of the casemate showing the different material assignments and
the location of the scarp wall interface modeled with contact elements.

Fig. 4. (a) Block specimen from the remains of the fort; (b) block specimen segmented into smaller samples for testing; (c) coring of the wall in progress; (d) an intact core
sample of tabby concrete infill.

Fig. 5. (a) Sample A crushed in the compression test; (b) Sample B crushed in the
compression test; (c) stress strain curves for Sample A and Sample B from the
compression test. The slope of the elastic region is taken as the elastic modulus.
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that values of the modulus of elasticity of the masonry are fine-
tuned as described in Section 5.2.

3.2. Laser scanning and geometric model development

Masonry construction must carry loads in a compressive man-
ner requiring curved elements to span distances, such as arches
and vaults, and thus result in complex geometries. Over the life
of the structure, the geometry is further complicated by the accu-
mulation of structural degradation, such as permanent deforma-
tions, crack formation, and support movements. While geometric
features must be simplified to reduce computational demands, it
is crucial to preserve the structural properties (such as cross sec-
tional area and moment of inertia) for achieving high-fidelity
numerical models [20]. For this purpose, laser scanning has been
successfully applied to three-dimensional surveying of several ma-
sonry structures such as, masonry arch bridges [21–23] and ma-
sonry vaulted monuments [24].

To obtain the geometry of Fort Sumter in its present form, a
high-resolution three-dimensional laser scan of the fort is per-
formed [22]. The Trimble CX laser scanner uses proprietary technol-
ogy that combines time-of-flight methodology for long range
distance discrimination and phase shift methodology for high short
range accuracy. This combined methodology provides high resolu-
tion positional measurements of the object’s surface at the rate of
54,000 points per second from distances in the order of up to
50 m and measures the return time for the reflection from the ob-
ject. Assuming the pulse travels with a constant speed, the distance
between the laser scanner and the object can be calculated in a
straightforward manner [26]. This distance combined with the
simultaneously measured horizontal and vertical angles provides
high accuracy positions of the collected points. The Trimble CX
scanner has a positioning accuracy of 4.5 mm at 30 m and a dis-
tance measurement accuracy of 1.2 mm at 30 m. Also, the scanner
corrects for temperature and humidity. For the distances within
the casemate, the expected positional accuracy is ±3 mm or better
which is insignificant enough to cause a substantial change in the

FE model outputs of interest. The scan data was collected from mul-
tiple setups of the scanner in and around the casemates. To main-
tain the integrity of the overall models created from multiple
scanner setups, a high accuracy control survey was performed to
provide control points for the scanner. The control points were
established with procedures that insured gross and systematic er-
rors were accounted for such that random errors were minimized
in order to achieve a relative positional accuracy of ±1 mm. This en-
sured that the individual scan setups meshed together accurately.

The laser scan data, obtained in the form of a point cloud is
post-processed using Polyworks v.11 geometric modeling systems.
Using triangulated irregular network generation, surfaces (trian-
gles) are created between adjacent points in the point cloud. Dur-
ing triangulation, the maximum dihedral angle is kept at 45" and
maximum edge length is left unconstrained. The surfaces are then
decimated by a factor of 80%. Finally, wireframe models are created
from the casemate polygon mesh using RhinoV5 including impor-
tant geometric features such as cracks and indentations. Fig. 7
shows the polygonal mesh and the corresponding wireframe mod-
el for Casemate 4.

3.3. Ambient vibration testing

Ambient vibration tests are performed on the casemate with a
total of 41 measurement points located on the piers, arches and
vault (Fig. 8). Twenty measurement points are located on the piers
to measure horizontal acceleration response, while 9 measurement
points on the three arches and 12 measurement points on the vault
measure vertical acceleration response. The measurement loca-
tions are chosen after a careful study of the mode-shapes from a
preliminary modal analysis performed on the FE model of the case-
mate. From this preliminary model, it is observed that for the first
10 modes of the casemate, the most dominant modal displace-
ments are the vertical deflections of the vault and arches and the
horizontal deflections of the piers. The sensor locations are chosen
accordingly to capture these displacements with sufficient spatial
resolution to prevent spatial aliasing.

Fig. 6. Samples cut from the block specimen for 3-point flexural test and
corresponding stress–strain curves.

Table 1
Material properties of the masonry and tabby concrete.

Elastic
modulus
(GPa)

Tensile
strength
(MPa)

Compressive
strength (MPa)

Density
(kg/m3)

Masonry of piers 3.1 20.7 2.07 1500
Masonry of vault 1.58 20.7 2.07 1500
Tabby concrete 0.53 6.37 0.53 1600

Fig. 7. (a) Polygonal mesh of Casemate 4 generated in Polyworks V11; (b)
wireframe of Casemate 4 generated in Rhino v5.0.
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PCB 393B04 seismic accelerometers are deployed to record
30 min vibration responses due to ambient excitation forces (see
[27] for a discussion on ambient vibration testing of historic ma-
sonry monuments). The PCB 393B04 seismic accelerometers have
a sensitivity of 1000 mV/g, measurement range of ±5 g and a fre-
quency range of 0.06–450 Hz. The high sensitivity is ideal for mea-
suring low-amplitude ambient vibrations for an operational modal
test. A baseband frequency range of 0–1.6 kHz is used with a sam-
pling frequency of 819.2 Hz. Thus, a total of 1,474,560 samples are
collected over the measurement duration. The sampling frequency
is down-sampled to 160 Hz to reduce the size of the data vectors.
Using Enhanced Frequency Domain Decomposition system identi-
fication method [28–29], two modes are extracted from the raw
data at 27.48 Hz and 45.2 Hz with a MAC rejection level of 0.8.
The identified natural frequencies and the corresponding modes
shapes are given later in Table 2.

4. Development of the structural finite element model

This section discusses the development of the structural finite
element model, including (i) generation of the model, (ii) verifica-
tion of the mesh size and (iii) implementation of substructuring
techniques to represent the adjacent components.

4.1. Generation of the finite element model

The geometry of the FE model is built in ANSYS 13.0 according
to the wireframe model generated in Rhino 5.0 (Fig. 9) (recall Sec-
tion 3.2). When necessary, property-preserving approximations
are made to eliminate difficulties in geometric modeling and mesh
discretization. A predefined 8-noded solid isoparametric SOLID65
element in ANSYS 13.0 is implemented. SOLID65 element faithfully
represents typical masonry failure, characterized by cracking in
tension and crushing in compression. SOLID65 element accounts
for cracking through a smeared crack analogy and crushing
through a plasticity algorithm in three orthogonal directions
according to Willam–Warnke failure criterion [30,31]. SOLID65
element allows the input of open and closed crack shear transfer
coefficients ranging from 0 to 1, where 0 represents a smooth crack
(no shear transfer at the crack surface) and 1 represents a perfectly
rough crack (complete shear transfer at the crack surface) [32]. In
this study, shear transfer coefficients are prescribed as 0.2 for open
cracks and 0.6 for closed cracks, respectively [33,34].

According to construction drawings, the initial construction of
Fort Sumter included a narrow gap between the scarp wall and
casemate (Fig. 10). This gap has been closed due in part to perma-
nent deformations and in part to the reconstruction of the fort.
Currently, the interface between these two structural systems
exhibits a contact of unknown nature with highly uncertain force
transfer characteristics. In the FE model, this interface is modeled
using contact elements on one surface (contact surface, CONTA174
in ANSYS) and target elements on the other surface (target surface,
TARGE170 in ANSYS) forming a contact–target pair (as indicated in
Fig. 3) [35]. In these contact–target pairs, the nature of the force
transfer is dictated by normal and tangential contact stiffnesses.
Herein, normal contact stiffness, which controls the penetration,
is assumed identical to the stiffness of the masonry beneath the
contact surface. The sliding behavior between the scarp wall and
piers is a complex combination of interlocking, friction and possi-
ble cohesion, which are difficult to measure without destructive
tests. The combined tangential force transfer, that governs the slid-
ing behavior at the interface, can be idealized by a friction coeffi-
cient applied to the contact elements, which represents the
tangential stiffness at the interface. This friction coefficient is, thus,
a homogenized idealization of the sliding resistance at the scarp
wall interface and must, therefore, be inferred via calibration mea-
surements collected on site, as it will be discussed in Section 5.1.

The foundations, which are excluded from the model, provide a
semi-rigid support to the casemate which can be idealized by a
system of identical but independent, closely spaced vertical
and horizontal linear springs (COMBIN14 in ANSYS) distributed

Fig. 8. The experimental set-up showing accelerometers mounted on the vaults and
piers.

Table 2
Comparison of measured and simulated modes with respective MAC values.

Mode 1 (MAC = 0.86)

27.48 Hz 29.9 Hz

Mode 2 (MAC = 0.6)

45.2 Hz 42.8 Hz

Fig. 9. Sub-structured FE model of Casemate 4 with springs used to represent the
foundation. The meshed region is the casemate itself adjoined by superelements of
the neighboring casemates.
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throughout the base of the casemate forming a Winkler foundation
[36–38] (as indicated in Fig. 9). The springs are of course, fictitious
and thus, the spring stiffness’s are uncertain quantities requiring
calibration to experimental measurements as it will be explained
later in Section 5.2.

The resulting model is thus nonlinear, incorporating (i) the
material non-linearity (concrete material model), (ii) geometric
non-linearity (P–D effects) and (iii) non-linear boundary condi-
tions (contact elements). Thus, the FE model requires an iterative
solver. Herein, the Newton–Raphson equilibrium iteration scheme
[39] is used to update the tangent matrix and the restoring force
vectors corresponding to the element internal forces. In solving
the nonlinear equations, considerable use has been made of the
Clemson University high performance computing capability, Pal-
metto Cluster.

4.2. Determining the optimal mesh size

To ensure numerical solutions accuracy and prevent errors from
compensating during calibration, a mesh size that strikes a balance
between computational time and numerical precision is sought.
First, a reference solution is defined using a generalized Richardson
extrapolation [40]. This reference solution at element size Dx = 0,
i.e. a model with infinite elements, theoretically yields the exact
solution. The maximum element edge length, Dx of the solid tetra-
hedral element is varied between 0.18 m to 0.26 m in steps of
0.01 m. Solution convergence as the maximum element edge
length is reduced is checked for the first four free-free natural fre-
quencies. Fig. 11 shows that employing a mesh size of 0.23 m
yields a numerical uncertainty below 4% of the reference solution,
less than the experimental variability that can be attributed to
temperature and moisture variations commonly observed in ma-
sonry and concrete construction (i.e., 5–6%) [41–42]. Herein, a
maximum element edge length of 0.23 m is implemented, which
yields a model with 87,555 elements and 131,232 nodes with three
translational degrees of freedom.

4.3. Substructuring of the un-modeled adjacent casemates

To represent lateral restraints from the un-modeled adjacent
casemates, the structure is partitioned into substructures through
Component Mode Synthesis (CMS) [43–47]. The method consists
of first reducing the order of the components of lesser interest,
i.e. the adjacent casemates, down to their interface degrees of
freedom, generating what are referred to as superelements. Sub-
structuring must therefore be applied after an appropriate mesh
size is selected (recall Section 4.2). Next, these reduced order

superelements are coupled to the structure of interest, i.e., Case-
mate 4, to form the complete system [48]. Note that the loads ap-
plied to Casemate 4 are also applied respectively to the adjacent
casemates and are transferred through the interface degree-of-
freedoms via a reduced superelement load vector. Herein, a fixed-
interface CMS is employed, where the eigenvalue problem for the
component is solved by restraining each of the interface degrees
of freedom, as it is computationally less expensive due to the smal-
ler size of the eigenvalue problem.

Substructuring is computationally advantageous over the com-
mon approach of including adjacent structural components for
each axis of symmetry [10,49]. Note that the use of a substructur-
ing technique for Casemate 4 results in an approximate threefold
reduction in the number of degrees-of-freedom that would be
solved and stored if the adjacent casemates were also modeled.

5. Calibration of the structural finite element model

This section reviews the calibration activities that include (i)
back-calculation of the unknown friction coefficient of the contact
elements used to represent the interface between the casemate
and scarp walls and (ii) inference of the imprecisely known spring
constants model input parameters.

5.1. Back-calculating the friction coefficient through load path analysis

Recall Section 4.1, where a fictitious friction coefficient is de-
fined to represent the highly uncertain force transfer at the
interface between the casemate and scarp wall. This coefficient,

Fig. 10. Casemate used for connectivity tests showing the outline of the scarp wall interface (a) in elevation and (b) in section.

Fig. 11. Mesh refinement study showing the change in the first four natural
frequencies as a function of the element size.
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being highly dependent upon the present condition of connectivity
and interlocking between these two structural components, is
back-calculated from available on-site measurements. As sug-
gested by [50], structural connectivity can be inferred by measur-
ing the vibrations transferred between adjacent structural
components. If the scarp wall and casemates are in full contact
resulting in a complete force transfer (i.e. no sliding), the displace-
ments parallel to the interface must be continuous (i.e. the dis-
placement of the scarp wall and the casemate within the
immediate vicinity of the cold-joint must be nearly identical).
Therefore, the measured relative dynamic displacements of these
two adjacent structural systems can be used to estimate the fric-
tion coefficient.

A hammer impact test is performed [51,52], in which two accel-
erometers, one on the casemate pier and one on the scarp wall, are
mounted parallel to the interface and a hammer strike is applied
parallel to the interface (Fig. 12). PCB 393B04 accelerometers with
a frequency range of 0.06–450 Hz ± 5% and weight of 50 gm each
are used to measure the vibration response of the fort. B&K 8210
modal sledge hammer with a 5.44 kg (12 lb) head and a maximum
force range of 22.2 kN (5000 lbf) is used to excite the structure.
First, the low frequency noise in the acceleration time history mea-
surements are filtered with a high-pass Butterworth filter with a
frequency cutoff of 20 Hz [53]. Next, the acceleration response is
converted to displacement using cumulative trapezoidal numerical
time integration with a time step size of 0.002 s [54]. The cutoff
frequency of 20 Hz that yields displacement response with a
zero-mean is applied after studying a range of cut-off frequencies.
From displacement time histories, the ratios of the maximum dis-
placements of the casemate and scarp walls are calculated. To cap-
ture the potentially nonlinear behavior of the interface, these ratios

are calculated for six levels of impact force increasing from 2.6 kN
to 8.8 kN. For all force levels, the average relative displacement ra-
tio is obtained to be 3.8, considering both south and north sides of
the casemate.

The friction coefficient l, in the FE model shown earlier in Fig. 9,
is back-calculated such that the relative displacement ratio in the
FE model is equal to 3.8. This back-calculation is completed consid-
ering two surface interaction models that differ in the treatment of
separation between surfaces. In Fig. 13, by interpolating between
data points, a coefficient of 1.14 is obtained as an average of the
two surface interaction models and the impact force levels. This
value is used for the fictitious friction coefficient for the CON-
TACT174 elements in the FE model to approximate the connectiv-
ity and interlocking behavior between the scarp wall and casemate
(as indicated earlier in Fig. 3).

5.2. Calibrating the uncertain parameters of the finite element model

Despite of the concerted efforts made to collect on-site informa-
tion regarding the present condition of the fort, uncertainties re-
main in (i) the material property values and (ii) the spring
constant that represents the support at the base of the structure.
It is of value to reduce the uncertainty in these input parameters
by systematically comparing the numerical model predictions of
global mechanical behavior of the casemate against those that
are measured on site, a process commonly known as model calibra-
tion [13,25,55] (see [12] for a thorough overview of model calibra-
tion as applied to masonry monuments).

With the modal parameters of the fort identified in Section 3.3,
uncertain FE model input parameters can be calibrated. Since com-
putation of modal parameters is deeply rooted in the linearity
assumption, only parameters affecting the linear response can be
calibrated, namely the elastic modulus of the materials and spring
constants representing the boundary conditions. The elastic modu-
lus of walls and piers (h1), the elastic modulus of the vaults (h2) (re-
call Fig. 3) and stiffness of the springs at the supports (h3) (recall
Fig. 9) are imprecisely known input parameters in the FE model.
Through a fully Bayesian implementation of the statistical infer-
ence procedure proposed by [56], these three model input param-
eters are inferred by exploiting the availability of known modal
parameters (see [57] for the derivations of the statistical inference
approach and [10] for a discussion on the implementation of this
procedure on a masonry monument).

For the material properties (h1 and h2), in the absence of a suf-
ficiently large number of material tests, prior distributions are de-
fined to be uniform distributions. The bounding limits of the
uniform distribution are determined such that the predicted

Fig. 12. Test set-up on the north pier of Casemate 4 showing two adjacent
accelerometers mounted parallel to the scarp wall interface with one accelerometer
on the pier and one on the scarp wall.

Fig. 13. Plot showing the relative displacement ratio using (a) standard surface interaction model and (b) no-separation surface interaction model for different values of
applied force and l.
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natural modal parameters envelop the experimentally measured
modal parameters; thus for h1 a range of 3–4 GPa and for h2 a range
of 1.5–2.5 GPa are considered. The bounding limits of h2 are consid-
ered to be lower than those of h1 due to the vertical orientation of
the joints in the vaults.

The range for the spring constant h3 is defined to ensure a semi-
rigid connection through a parametric analysis of the first six nat-
ural frequencies, in which the stiffness of the linear springs is log-
arithmically varied to find the stiffness values at which the
foundation becomes effectively pinned (lower bound) and effec-
tively rigid (upper bound) (Fig. 14). According to Fig. 14, the prior
distribution of the spring constant is set to be uniform between 10
and 103 MN/m.

The domain defined by the prior distributions of the three cali-
bration parameters is explored via Markov Chain Monte Carlo
(MCMC) sampling. A total of 20,000 MCMC accepted runs are ob-
tained to generate the posterior distributions for the calibration
parameters. These posterior distributions yield the likely values
for the three uncertain model input parameters that improve the
agreement between the two experimentally measured and pre-
dicted natural frequencies (see Fig. 15).

The values corresponding to the peak of the probability distri-
butions shown in Fig. 15 are used as the calibrated input parame-
ters, which correspond to an elastic modulus of 3.1 GPa for the
walls and piers (h1), 1.58 GPa for the elastic modulus of the vault
(h2), and a support spring stiffness of 6 ! 107 N/m (h3). The correla-
tion between the first two experimental modes and the corre-
sponding model predictions obtained with these calibrated input
parameters is given in Table 2.

The calibrated model yields a first natural frequency, which is
8.8% higher and a second natural frequency, which is 5.3% lower
than the experimentally obtained natural frequencies. While com-
paring the agreement between experiments and model predic-
tions, another commonly used metric is modal assurance criteria

(MAC) that represents the degree of linear correspondence be-
tween two mode shape vectors [58]. MAC lies between zero and
unity, where a higher MAC value indicates better agreement. Be-
tween the experiments and the calibrated numerical model, a
MAC value of 0.86 for the first mode and 0.60 for the second mode
is observed for the experimental and simulated mode shapes.

6. Support settlement analysis of Fort Sumter

Seven possible settlement configurations are simulated, each
with a maximum magnitude of 100 mm in the vertical direction
as shown in Fig. 16. Aside from the settlement of the supports,
the self-weight of the casemate itself is also considered in the sim-
ulation. The configurations are designed accounting for the two
adjacent casemates on the two sides of Casemate 4. The settlement
configurations are generated as bi-variate quadratic curves using
the MATLAB procedure polyfitn [59] and are designed to encom-
pass global settlement of the three casemates as well as local set-
tlement of the piers and walls. The settlement configurations are
grouped as sagging configurations (1, 2 and 3), pier settlement
(4) and tilting settlements (5, 6 and 7). As the settlement is incre-
mented, cracks begin to develop in the casemate. The pattern of the
cracking is observed to be dependent upon the settlement config-
uration and magnitude:

Sagging settlement: Configuration 1 simulates the unsymmetri-
cal sagging under the north side of the scarp wall. The cracks begin
forming at the bottom of the scarp wall on the intact side and grad-
ually progress upwards. At around 50 mm of settlement, a crack

Fig. 14. The first six natural frequencies obtained from the FE model plotted against
logarithmically varied foundation spring stiffness.

Fig. 15. Posterior distribution of input parameters (h1 is the elastic modulus of
walls and piers, h2 is the elastic modulus vaults and h3 is the foundation spring
stiffness).

Fig. 16. Seven settlement configurations used for FE simulations.
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which initiates at the base of the scarp wall on the intact side pro-
gresses diagonally across the scarp wall and fully forms a diagonal
crack (indicated with a dotted line in Fig. 17). While such a settle-
ment results in substantial cracking within the scarp wall, owing to
the cold joint between the scarp wall and the rest of the casemate,
the vault, arches and the inner piers are not significantly affected.
Configuration 2 simulates the sagging under the entire north side
of the casemate. Beginning at the scarp wall, heavy cracking is ob-
served on the less settled side of the casemate. At approximately
50 mm of settlement, a complete diagonal crack is formed on the
scarp wall (indicated by a dotted line in Fig. 17). Cracking is also
initiated at the springing of the arch on the south side at a
50 mm settlement magnitude. Configuration 3 simulates symmet-
rical sagging of the ground, which results in symmetrical cracking
of the arches (indicated as a and b in Fig. 17). At approximately
60 mm settlement, a load bearing arch is formed within the scarp
wall to span across the regions of settlement (as indicated by a dot-
ted line in Fig. 17) in agreement with an earlier simulation based
study by [5].

Settlement of piers: Under configuration 4, which simulates set-
tlement under the north-pier, cracking begins first at the base of
the scarp wall on the south side and the south-pier at a settlement
magnitude of 10 mm. The configuration also leads to cracks at the
springing of the arch (indicated as b in Fig. 17) at a settlement
magnitude of approximately 60 mm. Extensive cracking and for-
mation of a hinge are also observed within the vault (indicated
as a in Fig. 17). It can be concluded that when one of the piers set-
tles more than the other, unsymmetrical cracking of the vault oc-
curs on the side of the pier that exhibits more settling. Also, the

pier itself that settles less among the two endures more cracking
than that which settles more.

Tilting settlements: Configuration 5 represents inward tilting of
the foundation towards the west. According to the model predic-
tions, cracking is predicted at the springing of the arch above the
inner piers of the casemate (indicated as a and b). Cracking is ini-
tiated at the outer tips of the base of the north- and south-piers at a
settlement magnitude of approximately 10 mm while cracking at
the outer edge of the base of the scarp wall is initiated at approx-
imately 20 mm. These cracks gradually progress upwards and
reach the springing point of the arch (indicated as a and b) at a
magnitude of 50 mm. Configuration 6 simulates outward tilting
of the foundation towards the east. Cracking is predicted at the
springing point of the arches above the inner piers on the side of
the scarp wall. At a settlement magnitude of 15 mm, cracking at
the inner tips of the base of the piers is first observed, with the in-
ner edge of the base of the scarp wall beginning to crack at around
a 40 mm of settlement. Cracks in the piers and scarp wall progress
upwards and reach the springing point of the arch at approxi-
mately 60 mm of settlement. Settlement in configuration 6, which
represents the outward tilting of the foundation towards the east,
is less structurally critical compared to configuration 5 primarily
due to the highly stiff scarp wall resisting the thrust of the vault.
Finally, configuration 7 simulates tilting of the foundation towards
the north in the longitudinal direction of the right face. The south
pier of the casemate is heavily cracked due to the horizontal thrust
exerted by the vault. Diagonal cracking, initiated in the scarp wall
originating from the base on the south side runs completely across
the scarp wall at a 50 mm settlement (indicated by a dotted line).

Fig. 17. Crack plots of the casemate under 100 mm settlement of the seven configurations.
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Cracking at the springing point of the north arch is initiated at a
50 mm of settlement (indicated as b in Fig. 17), while cracking of
the vault on the south side is initiated at 80 mm (indicated as a
in Fig. 17). The cracks in the vault form a hinge rapidly through
the length of the vault at a 90 mm settlement.

Results presented in this section reveal that the mechanism, in
which the fort withstands the support settlement, differs signifi-
cantly for different settlement configurations. Therefore, visual
observations of crack patterns can be used to diagnose potential
settlement configurations. However, it must be noted that not
every cracking in the structure can be attributed to settlement.
Cracking may occur due to temperature and moisture expansion,
seismic and high wind activity, forces from adjacent buildings,
chemical and biological processes, freeze–thaw cycles, etc.

7. Qualitative classification of settlement-induced damage

When cracking occurs within an element, the strain in the
direction normal to the cracked element edge increases signifi-
cantly. Total strain is, thus, proportional to the number of cracks
and their widths. Therefore, the degree of settlement induced dam-
age can be quantified using the total principal strain in the entire
structure. Fig. 18 plots the total principal strain as a function of
the settlement magnitude. It can be deduced that configuration
3, which is the symmetric sagging under the casemate is the most
damaged case in terms of the intensity of crack formation, while
configuration 5 which is the outwards tilting of the casemate is
the least damaged in the same sense.

Focusing on the damage patterns discussed in Section 7, a qual-
itative damage classification scheme is devised. Minor smeared
cracking limited to walls and/or piers is classified as slight damage,
while the initiation of large cracks or discontinuities in walls and
piers is classified as moderate damage. Severe damage is reported
when through cracks are completely formed in the walls and piers.

When the discontinuities are formed in the vaults and arches in the
form of hinges, an instability condition is assumed. Although, fur-
ther cracking may be allowed past the assumed instability condi-
tion, cracking of vaults and arches is treated as a critical
condition as structural collapse is imminent at any value of further
settlement. Fig. 19 indicates the settlement magnitudes at which
the abovementioned damage classifications occur. The instability
condition, as defined herein, is not experienced under configura-
tions 1 and 6 up until a 100 mm settlement magnitude. The as-
sumed instability conditions are experienced under
configurations 2, 3, 4 and 5 between 60 and 80 mm settlements.

8. Remaining uncertainties

This section evaluates the effects of the remaining uncertainties
in the maximum principal stresses for two support settlement sce-
narios that produce highest principal strains at 100 mm settle-
ment: Configurations 3 and 2 (as seen from Fig. 18). Uncertainty
in the model predictions of the maximum principal strain is as-
sessed by performing a parametric analysis within mean ±2X std.
deviation (recall Fig. 15). Parameter values are evaluated according
to a three-level full factorial design of experiments, which yields 27
cases. For the two critical settlement configurations (configura-
tions 2 and 3), Fig. 20 shows mean values of the maximum princi-
pal strain obtained from the 27 cases along with the 95%
confidence intervals. The maximum principal strain predictions
show significantly high uncertainty of up to 24.9% of the mean
for configuration 2 and 22.09% for configuration 3. This assessment
shows the high dependency of the non-linear analysis of maximum
principal strain on the linear input parameters and highlights the
importance of model calibration exercised discussed earlier in
Section 5.

9. Conclusions

This manuscript investigates settlement-induced damage pat-
terns specifically focusing on Fort Sumter, SC, a historic 19th cen-
tury island fort, through a numerical analysis substantiated with
experiments and field investigations. The FE model of one of the
fort’s casemate is built that allows cracking of the masonry mate-
rial when the failure criterion is exceeded. The input parameters of
the model are determined following on-site experiments and mod-
el calibration.

Seven settlement configurations are simulated to include global
settlements as well as localized settlements under the piers and
walls. The cracking behavior is observed at each step as the settle-
ment magnitude is increased up to 100 mm in increments of
2.5 mm. The formation and progression of cracks are observed to
be unique to the settlement configurations. Therefore, by visual
investigations of early warning signs in form of cracks, the

Fig. 18. Total principal strain plotted as a function of settlement magnitude.

Fig. 19. Qualitative structural damage matrix showing damage levels based on crack locations and magnitudes.
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stewards of historic monuments can draw conclusions regarding
the settlement configuration causing damage to the structure. It
must be noted, however, that cracks in an existing structure are
not formed due to settlement alone.

Unsymmetrical sagging types of settlements are characterized
by diagonal cracking of the scarp wall originating from the bottom
on the less-settled side. Symmetric sagging under the casemate,
however, forms cracks that originate from the bottom of the scarp
wall from both sides and converge at the center forming an arch
that spans the length of the casemate and bears the loads of the
wall above. Cracks due to stress concentrations are seen for most
settlement configurations at the intersection of the structural
members such as the springing of the arches and vaults. Cracking
of the vault is observed in configurations that involve differential
settlements of the piers. Cracks once formed in the vaults, progress
rapidly without warning as the settlement increases. Thus, crack-
ing of the vault should be taken as a structural stability concern.

Structural damage is quantified by the total principal strain in
the casemate as it approximately reflects the number of cracks
and the crack widths. Symmetrical sagging is found to be the set-
tlement scenario that amounts to the most crack damage. A qual-
itative damage classification system is devised on the basis of crack
propagation and location that indicates the level of damage
encountered as the settlement magnitude increases. The damage
levels range from slight damage signifying minor cracking in walls
and piers to instability conditions when cracks occur in the hori-
zontal members i.e. vaults and arches.

Finally, the dependency of the results on the homogenized in-
put parameters is found to be significant, suggesting the impor-
tance of using combined nondestructive evaluation and
calibration techniques to obtain accurate model input parameters.

In future studies, the settlement analysis must be performed by
also incorporating foundation soil properties and the soil–structure
interactions that will alleviate the simplifications assumed in this
study for the spring foundations that were assumed linear and iso-
tropic. Such a study can also assess the effect of the fort on its foun-
dation to infer the possible settlements to be expected in the
future. Both a sound numerical model of the fort, discussed in this
manuscript, as well as a dependable numerical model of the soil
will be required for coupling of these two fields.
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