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The 2002 Molise, Italy, earthquake struck a relatively limited geographi-
cal area where the communities are mainly agrarian. While most buildings in
the region are masonry, there are significant differences in the type of ma-
sonry construction, as material characteristics and construction practices had
changed over the centuries. This paper focuses on the masonry buildings that
predominate in domestic construction. The most significant features that con-
tributed to the damage pattern appear to be (1) construction criteria, tech-
niques, and details that were inadequate for seismically active areas, particu-
larly in buildings constructed or substantially modified over the past 100
years, and (2) site effects resulting from differences in amplification and fre-
quency of the vibrations that locally increased the destructiveness of the
earthquake. The observed damage did not correlate to the vulnerability that
would be assigned to the structures under the European Macroseismic Scale.
[DOI: 10.1193/1.1765106]

INTRODUCTION

Despite the moderate magnitude of the two main shocks, the seismic sequence
caused extensive damage in a cluster of towns and villages mainly located in the Cam-
pobasso Province (CB). Lesser damage was observed in the Foggia Province in Puglia
(FG). The municipalities that felt intensity greater or equal to VII MCS (Mercalli-
Cancani-Sieberg Scale) (approximately VI on the Modified Mercalli Scale) were San
Giuliano di Puglia, Bonefro, Ripabottoni, Santa Croce, Castellino (CB), Colletorto, and
Casalnuovo (FG).

The seismic sequence was comprised of two moderate seismic events (M;=5.4 and
M;=5.3, with a depth of 15-20 km) one day apart. Because of their temporal proximity,
it was difficult to distinguish the macroseismic effects attributable to each single event.
The nonuniform vulnerability characteristics of the existing masonry constructions con-
nected to particular geological, geotechnical and morphological conditions significantly
influenced the spatial damage distribution. In some cases, however, the pattern of the
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Figure 1. Collapse of new walls not anchored to older walls, near Ripabottoni (Goretti).

macroseismic field may be attributed to the spatial and temporal evolution of the rupture
or, perhaps, to directivity effects. For example, the damage at Ripabottoni village (Figure
1) was primarily from the second shock because the epicenter for the second shock was
to the southwest of that for the first shock (Figure 2). The damage pattern in the different
localities affected by the quakes was also complicated by the expansion of the villages
on crests, ridges, or steep slopes, some of which are underlain with strata of different
stiffness and compactness.

Because they were located for defensive purposes on hilltops, the historic cores of
most of the affected villages are usually located on the film soils characteristic of such
promontories, as in S. Giuliano and Bonefro. More recent buildings situated outside the
original settlement areas are located on degraded shale or soft clay deposits that can am-
plify longer-period earthquake vibrations. This can produce different site effects within
the same settlement. Some of these vulnerable areas were on pre-historic landslides,
some of which remained areas of ongoing subsidence. Most of these soil instabilities
were already known before the event, as in S. Croce di Magliano, where tilt and slope
meters had been placed in order to ascertain the soil motion. In addition to the risk of
soil subsidence, buildings are more vulnerable when they are constructed on steep
slopes, where the down-slope side is often more than one story greater than the up-slope
side (Figure 3). This gives a structure eccentric seismic-resisting properties and affects
its plan-torsion response.

STRUCTURES AND SOILS

About 80% of the buildings inspected in the post-earthquake field survey were ma-
sonry buildings. Some that appear as masonry, and others that appear as reinforced con-
crete, are said to be of “mixed” construction, with vertical-bearing structures built both
in R/C and masonry. For the purpose of this damage assessment, the masonry buildings
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Figure 2. Epicentral area showing isoseismal lines (Mollaioli).

are divided into three broad categories: (1) the historical buildings at the core of each
settlement, (2) the buildings of late 19" and 20™ century construction located outside the
original town centers, and (3) buildings constructed during the last 40 years that repre-
sent a step in the transition to reinforced concrete frame construction, where the load-
bearing walls are a mixture of natural stone and manufactured hollow clay tile (HCT),
and the structure of the floors is reinforced concrete beams or slabs.
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Figure 3. San Giuliano di Puglia. The historic citadel is on the knoll on the left, and the ex-
pansion area is across the saddle on the right. Recent reinforced concrete buildings extend up
the hillside in the foreground (Langenbach).

The floors in the older stone or brick structures traditionally consisted of masonry
vaults over the ground or basement level, with timber floors supported on the masonry
walls above (Figure 4). This type of construction was common in the historic core, and
examples of it are also found in the areas of later expansion outside of the original town
walls. Particularly in the expansion areas, the timber floors have often been replaced
with fireproof iron and masonry jack-arch floors (Figure 5). In this area of Molise, it is
rare to find buildings in this category constructed of brick, although the chimneys in
stone buildings were constructed of brick with tile flues. This prevalent use of stone may
be related to the abundance of the local limestone and its ease of working, combined
with the cost and lack of local fuel for use in brick and ceramic kilns.

The majority of masonry buildings in the affected area were either not engineered or
had only rudimentary engineering for earthquake resistance; however, we observed that
there was a significant and widespread difference between the performance of the his-
torical buildings and those of more recent vintage. With some exceptions, the older his-
torical masonry buildings did notably better. The new developments built at the margins
of the old towns over the last 100 years proved to be extremely vulnerable.

This difference observed between the earlier and later structures was most prominent
in San Giuliano di Puglia. Here, as elsewhere, a number of factors can be identified as
contributing, but it is easy to identify the most consistent contributing factors. Geologic
and ground motion investigations (Casciello et al. 2003) have noted that the underlying
strata are likely to have caused the discrepancy in building performance. The original
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Figure 4. Section through historic masonry building in Santa Croce di Magliano, revealed by a
demolition prior to the earthquake, showing the characteristic vaulted ground floor level. The
upper floors are commonly supported on timber beams and joists (Langenbach).

fortified village was located on a hilltop (see Figure 6), with firm underlying strata of
eroded limestone, while the 20th century expansion of the village extended across a
ridge of land, shaped like a saddle, that connected the original hill town to a much higher
hill to the north. The strata in this area consists of layers of clay-marly, partially altered
at surface, with sub-vertical layers and shear wave velocity ranging from V;
=250 m/sec at surface to V;=600—800 m/sec at depth. This is more prone to amplify
earthquake vibrations, and the extent and location of the greatest building damage sup-
ports this observation. The collapsed school was in this saddle area.

The soils, however, are not the only explanation for the masonry building perfor-
mance differences. Other contributing factors include (1) the original configuration and
craftsmanship of the stone and brick masonry; (2) modifications made over time, such as
buttresses and ties (which improve performance) and additional stories (which tend to
compromise performance); (3) the characteristics, quality, and condition of the mortar;
(4) the choice of masonry materials, and the thickness of the bearing and non-bearing
walls; (5) the method and configuration of the attachment of the floors and roof to the
walls; and (6) the materials and design of the floors and roofs themselves. The most im-
portant factors tend to differ across building types, which will be described below.

URBAN SETTINGS

Generally, the structures in the most damaged area (enclosed by the isoseismal VII)
are residential buildings with one to four stories having a variety of configurations, sizes
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Figure 5. Wrought iron and ceramic tile jack-arched floor construction, San Giuliano di Puglia.
This was probably a retrofit to an older masonry structure (Langenbach).

and openings. In the historic town centers the buildings are organized into irregularly
shaped blocks (usually with a linear layout). The buildings are connected to each other
as a result of growth and transformation over the centuries.

In the historic centers, construction was commonly of rubble and ashlar masonry.
The buildings are typically 2-3 stories high and have small footprints. The prevailing
historical building type, as reported in Benetti, et al. (2003), is house type “C,” a “ter-
raced house,” or “town house.” Streets are usually narrow (Figure 7). There is often a
shortage of refuge areas, such as parks and piazzas, and the steep slopes and density of
the buildings makes site access difficult.

MASONRY BUILDING TYPES AND FAILURE MODES

The vernacular stone masonry structures can be divided into three groups. Group 1
consists of buildings that predate the early 19" century and form part of medieval cita-
dels and neighboring Renaissance buildings. Group 2 covers masonry buildings that
were constructed as towns expanded beyond the original settlement area from the early
part of the 19™ century through the Second World War. Following this period, reinforced
concrete and hollow clay tile (HCT) gradually replaced natural stone as the primary
structural material. Included in Group 2 are buildings dating from the 1920s constructed
in the earlier form of manufactured hollow clay tile units called “occhialoni” or “large
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Figure 6. The historic citadel area of San Giuliano di Puglia viewed from the south east ap-

pears as a classic fortified hilltown, with the area of its later expansion hidden behind (Langen-
bach).

eyeglasses” blocks described below (see Figure 8). Group 3 covers a third phase of ma-
sonry construction utilizing manufactured hollow brick and hollow clay tile as the bear-
ing material.

The greatest problems in the historic masonry structures emerge when the walls are
thick, with unconsolidated and poorly bonded inner cores of rubble masonry. Such thick
walls can be found at the base of taller structures like churches or towers. This rubble fill
is often laid in thick layers of lime or mud mortar. The walls often suffer from the lack
of bond stones (diatoni) or other ties to connect the outer wythes of masonry together
(Figure 9). Because of the larger amount of mortar in the core of the wall, the material
can settle and leach out over time, resulting in large voids, which can further weaken the
walls. Failure of these walls can result from outward pressure on the outer wythes from
the compacted material in the inner core, combined with the transfer of the vertical loads
to the now inadequately stabilized and supported outer wythes.
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Figure 7. Collapsed walls and parapets in Castellino (Rasulo).

In San Giuliano there are a number of buildings in the historic core that date back
centuries, but were in good condition going into the earthquake. These generally suf-
fered little damage during the shaking. Had the shaking been greater in the citadel area,
the damage may have been greater, but the actual vulnerability of the walls in many of
the oldest buildings is unknown because some may have rubble cores, while others may
have diatoni and well-consolidated cores. Many of the ancient buildings have buttresses,
and some are connected together with arches. These features can provide added capacity
in earthquakes.

The most significant damage in the historic core of San Giuliano resulted primarily
from an inadequate number of ties connecting the walls to the floors or through the
building. This allows the walls to separate, particularly near the tops of the buildings.
Wall separation also caused a partial collapse at the top of the church spire and damage
to a truncated medieval tower in the center of the citadel area (Figure 10). While neither
of those two structures collapsed, one very tall section, where the height resulted from
the steep slope of the site, did suffer collapse of its upper wall and roof.
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Figure 8. (a) The upper floor of building in San Giuliamo, where (b) “occhialoni” or “large
eyeglasses” blocks constructed on a stone base collapsed (Langenbach).
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Figure 9. (a) The collapsed walls of a house in the historic citadel of San Giuliano showing
traditional masonry construction. (b) The inner wythe of the wall where the exterior wythe has
fallen off. There is little evidence of bond stones (diatoni) and many of the internal stones are
undressed river stone mixed with broken bricks or other rubble (Langenbach).
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Figure 10. Stone church tower in San Giuliano historic center. The base of the structure is
strengthened, with the iron wall ties visible in this photo, but the belfry, apparently lacking such
ties, nearly collapsed (Langenbach).

GROUP 1: (MEDIEVAL AND RENAISSANCE) BUILDINGS

Damage to the earlier historical buildings was spotty, but was evident in a number of
places. Many churches throughout the earthquake area were damaged, but damage was
generally limited to cracks in the masonry, rather than collapses. Other historic buildings
that suffered the most appear to have been abandoned, or certainly not to have been
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Figure 11. The elephantine historic citadel in Bonefro has solid walls with a significant batter
as reinforcement of the lower story (Langenbach).

maintained for an extended time. The abandonment of houses in the medieval centers
was also accelerated by construction at the periphery of new dwellings, with garages and
other amenities not possible in the historic cores.

Some of the masonry detailing found in the older buildings may have contributed to
their better performance (Ferrigni 1992). These details include a more regular layout of
the stone, not just on the face, but also through the wall. This and other masonry detail-
ing are consistent with the exercise of a higher degree of skill on the part of the earlier
masons. Some buildings have vaults, rather than timber floors, at the lowest floor level.
While the vaults give an outward thrust on the exterior walls, the substantial weight of
masonry necessary to resist this thrust has also served, on average, to give added earth-
quake resistance at the lowest floor level. Because many of the older buildings, espe-
cially the medieval buildings, have small openings for windows and doors, the broad
expanses of solid masonry walls serve very effectively as shear walls (Figure 11).

For centuries, construction in this area of Italy has been with a form of irregular ma-
sonry that is not truly random rubble, but instead involves some dressing of the stones to
form horizontal courses and smooth exterior wall surfaces that are left without stucco.
Since the stones are not of a uniform size and shape, the walls are constructed with an
intermingling of larger blocks, usually of limestone, with smaller pieces of limestone or
shale, to form a layer at each course (Figure 12). Well-maintained walls of this type with
good bond have often performed well in earthquakes.

Damage to masonry buildings can be interpreted on the basis of two fundamental
collapse mechanisms (Sorrentino 2002; see also Figure 13). The first damage mode is
produced by seismic actions perpendicular to the wall (out-of-plane) that cause the over-
turning of the whole wall panel or of a significant portion of it. Out-of-plane forces on



PERFORMANCE OF MASONRY BUILDINGS DURING THE 2002 MOLISE, ITALY, EARTHQUAKE S$203

Figure 12. Characteristic stone construction in historic citadel area of San Giuliano di Puglia,
of indeterminate age showing dressed limestone blocks interspersed with smaller stones and
ceramic tiles (Langenbach).

masonry walls usually cause walls to fall away from a building. A signature of such
damage, short of collapse, can be the shedding of a portion of the exterior wythe of ma-
sonry. Another can be the formation of vertical cracks at the corners of a building where
the wall began to form a hinge from the swaying (see Figure 14a). The second damage
mode is caused by forces acting in plane with the wall and is usually marked by inclined
cracks associated with shear forces that often result in an “X” pattern. When a full “X”
crack occurs during an earthquake, the triangular sections of the “X” can become un-
stable, leading to collapse (see Figure 14b).

In addition to the mechanism described above, one must also analyze masonry for
the causes of more complex and variegated forms of damage. The Molise earthquake
caused a range of damage that does not fall neatly into simple categories (De Sortis and
Goretti 2003), but does provide clues for future mitigation efforts in vulnerable Italian
towns. The most prevalent masonry damage may be most easily explained as the spread-
ing of the masonry units in response to vibrations. This spreading is most likely to occur
where the masonry units are of varying sizes and shapes, the mortar has lost its cohe-
siveness, and the wall is inadequately bonded either with masonry bond stones or wall
ties.
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First Damage Mode Second Damage Mode

Figure 13. Damage modes in masonry buildings. Out-of-plane masonry wall failure (left) and
in-plane (shear) cracking (right). The drawing on the right shows wall ties securing the front
facade from out-of-plane failure, which then imparts a greater load to the inplane walls, initi-
ating cracking. (Courtesy of Sorrentino 2002).

Although a rubble masonry core in the wall can cause the failure or “blow out” of a
wall in the lower stories of a building, spreading damage more commonly begins at the
top of a building, where the lack of overburden weight allows the masonry to vibrate
apart. The stability of a wall can be most at risk when the masonry units vary in size and
shape and are laid with a minimum of horizontal bedding. When river stone has been
used in a core of a mortar wall that has lost its cohesiveness—as can be seen in some of
the broken walls in San Giuliano di Puglia—the round stones tend to shift down as well
as sideways. This results in a jacking force perpendicular to the plane of the wall push-
ing on the outer wythes.

One older structure in San Giuliano that was damaged revealed large timbers em-
bedded in the walls near the top of the two-story structure (Figure 15). It is not known
how widespread the use of horizontal timber ties was. In Reggio Calabria (several hun-
dred kilometres southwest of Molise), the use of timber reinforcement against earth-
quakes evolved into a patented system known as the Casa Baraccata. Finding timber
lacing in San Giuliano is interesting and suggests the value of further research into its
history and purpose.

A problem with both Group 1 and Group 2 buildings (discussed below) was the
placement of chimneys into the plane of the masonry bearing walls. These chimneys,
which were constructed of brick with flue tiles, extended up like a knife slice through the
stone wall in which they were located. As a result, the wall could not work as a unified
whole, and the plane of weakness created by the chimney sometimes served as the be-
ginning fracture that led to the collapse of a wall (see Figure 16).

The earthquake also exposed the vulnerability in one rather unusual masonry feature,
common in Italy. This is a tile vault construction known as “volta di mattoni in foglio,”
which translates to “vaults of bricks in sheets.” The example shown in Figure 17 is lo-
cated in the home of the vice mayor at the edge of the historic citadel area of San
Giuliano. The shallow coffered ceiling is constructed of tiles set in lime mortar and is
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Figure 14. (a) Out-of-plane damage to a high exterior wall in the citadel area of San Giuliano.
(b) In-plane shear failure of the masonry walls across the base of a structure in the northeast
expansion area of San Giuliano (a: Langenbach; b: Marrow).
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Figure 15. A building with internal timber ties embedded in the masonry walls, revealed by the
earthquake damage (Langenbach).

held up by exterior and interior heavy masonry walls, which resist its outward thrust. A
section of the ceiling collapsed when one of the exterior walls shifted outward from out-
of-plane vibrations in the earthquake. There were three rooms in this house with ceilings
of this construction, and all were damaged from the outward movement of the same
wall, but only the sections of the ceilings along the shifted wall fell.

Figure 16. (a) Undamaged and (b) damaged chimneys in the plane of a masonry wall in San
Giuliano. The interface between bearing wall of stone and the void of the chimney flue is often
a source of weakness (Langenbach).
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Figure 17. “Volta di mattoni in foglio” ceiling in San Giuliano damaged in the earthquake from
outward movement of exterior wall on right (Langenbach).

GROUP 2 (LATE 19™ AND 20™ CENTURY STONE) BUILDINGS

In San Giuliano, the buildings in the citadel area date from both the medieval period
and the Renaissance, but the buildings in the expansion area to the northeast are almost
all from the last 150 years. As stated before, the level of damage in the citadel area was
far less than that in the later sections of the town, but perhaps more significantly, the
characteristic damage to the masonry buildings was quite different. The damage to the
historic stone buildings in the core was most frequently at the top of the structures (Fig-
ure 18); damage to the buildings in the northeast expansion was at the base of the struc-
tures, with the upper stories sometimes remaining almost perfectly intact. Along the cen-
tral tree-lined boulevard that connects the historic center to the rest of the town along the
ridge, all the connected structures on either side were essentially sheared off at the base
(Figure 19). Large diagonal cracks and collapsed piers extended along the base of the
line of structures, and some of the buildings at the end of the rows had almost collapsed.
For this type of masonry, having a weak in-plane resistance, the ultimate shear strength
can be estimated in only 0.04—0.07 N/mm?.

The older buildings of the citadel are characteristically heavy and robust at the
ground level, with added buttresses and added iron or steel rods that run through the
buildings to plates on the exterior (Figure 20). Over the centuries, such strengthening
was probably done to stabilize and strengthen masonry as the buildings were continu-
ously repaired and adapted to new uses.

The newer masonry buildings lack the buttresses found in the older section. Many
also have fewer interior walls at the ground level in order to accommodate shops. Win-
dows and doors, including garage doors, perforate the exterior walls, leaving fewer shear
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Figure 18. (a) The collapsed gable on the tall rear side of a house that is two stories on the front
in the citadel area of San Giuliano. (b) Medieval period tower showing evidence of earlier re-
duction in height where the window is cut off and bricked in. The present top level of this tower
has expanded from the vibrations of the earthquake (Langenbach).

walls to support the row during an earthquake. A number of the individual dwellings had
upper story additions that had been constructed with heavy concrete floors and roofs,
and most of the other buildings had new concrete and hollow clay tile floors retrofitted
into the older masonry structures. The added stiffness and weight of these upper story
alterations and additions further increased the risk of shear failure in the original low-
strength masonry walls at the ground level.

As mentioned above, the damage often affected whole rows of contiguous buildings,
with the damage concentrated at the base of the structures on the up-slope side of the

Figure 19. The diagonal tension cracks are in one direction only, away from the rest of the
block, and the building has been forced to the left approximately 25 cm (Langenbach).
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Figure 20. Internal street in the historic center of Colletorto showing batter and buttresses on
lower story of stone houses (Langenbach).

buildings. This indicated that the rows of buildings responded to the ground motion as a
unit, rather than pounding each other, which might have caused the most damage at the
upper story points of collision. Instead, the earthquake caused shear cracks to open in
the ground floor walls. These cracks could not fully close on the reversals. This proved
to be particularly true with walls constructed of small river stones and with degraded
mortar in the wall cores. As is typical for earthquakes in urban settings, buildings with
adjacent structures on each side were less likely to collapse than corner buildings.

In San Giuliano di Puglia, the extent of the damage to rows of buildings was some-
times aggravated by modern top-story additions which imposed a lateral force, not just
on the subject building, but on the whole row. This could have contributed to the near
collapse of buildings at the ends of the blocks, which were remote from where the upper
story additions were constructed. On the northeast side of the Corso Vittorio Emanuele
(Figure 21), two corner buildings on either end of a row were heavily damaged and were
demolished immediately after the earthquake.

In many of the examples of damaged Group 2 buildings, the flaws in the typical local
stone construction of the late 19™ and early 20™ century have been revealed (Figure 22).
In San Giuliano, the typical stone construction of that period had evolved from the more
irregular block size and coursing of the roughly dressed field stone walls, to the regular
ashlar work of dressed stone blocks. Normally, this should lead to an improved perfor-
mance, but the opposite was the case because (1) the dressed blocks were made so nearly
square as to provide a tenuous overlap in the bonding of the wall, (2) the dressed ashlar
work was only skin deep, as the interior of the wall was often a very loosely laid random
rubble with thick mortar, and the interior wythe was hardly better, (3) there were few, if
any, bond stones (diatoni) penetrating through the wall to bond the wythes together, and
(4) the stones in the corners of the building were only slightly longer than those on the
sides, resulting in a condition at each corner that caused the walls to separate just in-
board from the corner blocks.
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Figure 21. The buildings at the ends of the same block show the concentration of damage that
occurs at the ends of contiguous rows. (a) The building was demolished soon after the earth-
quake. (b) The building collapsed in the earthquake or shortly thereafter. The building on the
right in (b) is at the end of the next row and was also pushed to a point near collapse (a: Ba-
zzurro; b: Langenbach). See also Figure 19.
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Figure 22. (a) Early 20th century double residence with dressed stone block on rubble-core
construction. (b) Separation of block veneer from weak inner core to the point of near collapse
of corner of structure. (c) The absence of mortar on the fallen stones is illustrative of the poor
quality of the mortar (a and b: Langenbach; ¢ Marrow).

The strength of the connection between the exterior wythe of dressed stones and the
inner rubble core was tenuous because of the thinness (10—15 cm) of the exterior stones.
The shortcomings of this detail are shown in Figure 22b. The absence of any mortar ad-
hering to the stones is evident in the rubble in Figure 22c.

Until the advent of modern lightweight, hollow clay blocks, which are now imported
into the area, brick buildings were rare, despite the extensive local clay deposits. This is
most likely due to the availability of soft stone that is easily worked, and the expense of
the fuel needed to fire the bricks.
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The iron, or later, the steel ties that hold the walls to the floors, which can often be
found in earlier historic buildings throughout Italy, are absent in most masonry buildings
of more recent vintage. Roof trusses are also either absent or poorly connected and are
not properly fastened to the walls. Roofs rarely are constructed to serve as diaphragms,
and their connection to the masonry walls is often little more than gravity. The absence
of diaphragm capacity may not be critical, but the absence of trusses or ties means that
sloped rafters exert an outward thrusting force onto walls, increasing their vulnerability.

These conditions illustrate one of the important characteristics of European heavy
wall, unreinforced masonry construction. Unlike standard 19th century masonry con-
struction in the USA, multi-wythe walls in many parts of Europe were commonly con-
structed with rubble and mortar-filled cores, and cut stone or brick only on the external
surfaces. Even though the walls are thick, their load-bearing capacity is constrained by
the fact that the bearing capacities and elasticity of the individual wythes in each wall
are different. As with Group 1 buildings, over time the interior core can compress, with
a net loss of volume from the leaching out of the mortar constituents. As a result, if the
floor joists do not extend through the wall, the outer wythe can be bearing a load that is
separate and different from the load on the inner wythe, where the floor loads are taken
up.

Group 2 buildings suffer from later modifications that often made them more vul-
nerable. These functional modifications, (remodeling, raising, enlarging, opening or
closing of new windows or doors) frequently added to the vulnerability. A common form
of upgrade has been the replacement of the old wooden floors with new heavy floors of
reinforced concrete beams supporting hollow clay tiles (Figure 23). This was often done
without upgrading the strength of the masonry-bearing walls. Sometimes bearing walls
were even removed to open up spaces, resulting in beams located where shear walls had
once existed. The post-earthquake survey found that alterations and remodelling was
rarely done with any heed of regulations or seismic design criteria.

GROUP 3 MIXED CONCRETE/HOLLOW CLAY TILE) BUILDINGS

Reinforced concrete construction only recently has become the predominant form of
construction in this region. In many places the complete transition to reinforced concrete
frame construction occurred over a very short time, but in Molise there was a long tran-
sitional period when load-bearing unreinforced masonry was used for the walls, but re-
inforced concrete was used for the floors and roofs. Some, but not all, of these unrein-
forced masonry buildings were constructed with ring beams of concrete. The houses
constructed during the 1970s and 1980s were thus mostly of unreinforced masonry, and
most of these were of manufactured hollow clay tile (HCT) units (Figure 24).

Because new buildings with bearing walls of hollow clay tile are usually stuccoed
and painted on completion, it is difficult to identify all of these buildings. However, sev-
eral were under construction in Colletorto during the time of the surveys. There was no
visible damage to buildings of this type in Colletorto, except for one that had not yet
been roofed. Their behavior in a large earthquake will likely not be as successful be-
cause of the weak and brittle quality of the HCT and the weight of their floors. Had the
earthquake been larger, these HCT bearing-wall buildings most likely would have suf-
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Figure 23. (a) Earthquake damage reveals reinforced concrete floors retrofitted onto older ma-
sonry construction without through-wall ties. The stiff and heavy floors contributed to the ex-
tent of the damage (Marrow). (b) These two houses of mixed construction in San Giuliano near
the collapsed primary school lost their front facades and their floors because of the introduction
of reinforced concrete floors without ties between the new floors and the walls (Langenbach).



S214 L. DECANINI, A. DE SORTIS, A. GORETTI, R. LANGENBACH, F. MOLLAIOLI, AND A. RASULO

Figure 24. A house in Colletorto under construction at the time of the earthquake, showing the
construction of a new building with concrete floors and load-bearing hollow clay tile units with-
out a complete concrete frame (Langenbach).

fered considerably more damage because they have little reserve capacity due to the
brittleness of the thin-walled hollow blocks (Figure 25). The tiles used for bearing wall
construction generally have thicker walls than those used for partition of infill construc-
tion, but in either case the walls of the tiles may fail before the mortar does. There is
evidence in recent earthquakes in other parts of the world to show that when hollow clay
tile is relied on for a building’s lateral capacity, either as a bearing material or as an
infill, once the elastic range of such a wall is exceeded, its degradation is extremely
rapid.

The primary school in San Giuliano that collapsed is reportedly an example of this
transitional form of mixed construction (Augenti 2004). The first phase of the school
was constructed in 1953 as a one-story building with an L-shaped plan. This first story
had unreinforced masonry walls of squared limestone blocks, similar to other buildings
in Group 2. In the 1970s, the first phase of the second story was added on one side of the
“L” with a reinforced concrete floor and masonry walls. For this, locally produced HCT
units that were 13X13X26 cm with 21 holes were used for the exterior and interior
walls similar to other buildings in the town. In April 2002, two more rooms were added
at the corner of the L. “Semipieni” units (with small holes) were used. The earthquake
collapsed the building six months after this latest addition was constructed. When the
upper story additions were constructed, the lower floor walls were not strengthened, nor
was any seismic strengthening carried out. Because the area, previous to this earthquake,
had not been identified as a high-seismic zone, such strengthening was not required.

In San Giuliano, with some exceptions, the most severe damage fell into a class of
buildings that span both Group 2 and Group 3: buildings originally constructed of stone
with timber floors above, but then later modified and expanded by replacing the timber
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Figure 25. A damaged structure in San Giuliano illustrates that the hollow clay tile (HCT) units
are easily crushed when a wall begins to fail in shear. This loss of the integrity of the masonry
units themselves can lead to the rapid collapse of the wall once cracking begins (Langenbach).

floors and roofs with construction of reinforced concrete. The floor system most often
used is one with precast RC joists with a specially shaped hollow clay block designed to
span in between. These buildings suffered major damage because of the heavy floors
placed on bearing walls that were weak and brittle. An example of a top story addition is
shown in Figure 26. Three different materials can be found in the same building: stone
masonry, solid brick masonry and hollow brick masonry.
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Figure 26. A tall stone house in Montorio nei Frentani with a recent additional story in unre-
inforced hollow clay tile. The top story addition was damaged in the earthquake and is shored
with a system of nylon belts (Langenbach).

Figure 27 shows a house where the two top floors were constructed of “occhialoni”
blocks in 1926. The front wall is of dressed limestone blocks, and the original lower
story is of more irregular stonework. The earthquake toppled the upper story walls to the
rear. These walls supported floors and a roof that were constructed with a mixture of
reinforced concrete, steel, and hollow clay tile.

In another top story addition in hollow clay tile found in Santa Croce di Magliano, a
heavy 15 meter-long roof ridge beam terminates in a gable constructed entirely of un-
reinforced HCT (Figure 28). The roof itself is of a very heavy construction of concrete
rafters with HCT units between. Fortunately, the earthquake intensity in this area was
low because this kind of detail is potentially very dangerous.

A more unique example of masonry construction, also found in Santa Croce di Ma-
gliano, is shown in Figure 29. The masonry units are neither blocks nor common bricks,
but thin Roman bricks. They are laid on edge 30 cm apart to form a hollow box wall
with occasional crosspieces to bond the wythes together. This form of masonry is known
as “alla Siciliana,” or masonry construction done in the Sicilian manner, and can be
found in areas occupied or influenced by the Ottoman Empire.

CONCLUSIONS AND RECOMMENDATIONS

The Molise earthquake illustrates many of the seismic problems in poorly tied ma-
sonry buildings constructed without seismic provisions. In particular, it has focused at-
tention on the vulnerability of buildings of more or less recent vintage, or with recent
remodelling. With the tragedy of the school and the other heavily damaged buildings in
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Figure 27. The top two stories of this structure in San Giuliano are dated “1926” on a date
stone at the base of the 2nd story. The stone ground floor level is probably earlier. The added
floors are in the “occhialoni” blocks (Langenbach). See also Figure 8.

Figure 28. The long-span ridge beam of the roof top story addition on a large home in Santa
Croce di Magliano is resting on a wall of unreinforced HCT block. It is a dangerous detail, and
was fortunate not to have caused a collapse (Bazzurro).
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Figure 29. An interior wall constructed of thin tile bricks bedded on edge to form a double
wythe pocket wall, known in Italy as masonry “alla Siciliana” (Bazzurro).

San Giuliano, the age of a structure cannot necessarily be relied on as an indicator of its
safety. Application of properly engineered details and construction practices is often ab-
sent in rural areas where seismic requirements and inspections may be absent or inad-
equate. Though part of the discrepancy in performance of the buildings may be ex-
plained by soil site amplification, it would be inaccurate to lay the blame on this entirely.
There were many seriously flawed buildings in San Giuliano that were not much differ-
ent from those found in other rural Italian towns. The tragedy in Molise has shown that
areas where earthquake risk is moderate still need seismic requirements.

In regard to typical unreinforced masonry construction, the lessons of this earth-
quake can be identified as follows:

1. Post-1850 buildings were more vulnerable than medieval and renaissance
buildings. In this earthquake, the damage was concentrated in buildings of the
late 19" and early 20™ centuries. Of those, the ones with modern (last 30
years) additions or alterations fared worse than buildings that had not been al-
tered.

2. Vulnerability ratings must be assessed judiciously to avoid a poor fit with
actual performance. Under the European Macroseismic Scale (EMS), most
of the older masonry buildings in the damage district might at first be classi-
fied as 4 (maximum vulnerability), whereas the reinforced concrete frame
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buildings without “earthquake resistant design” (ERD) would be classified as
C on a scale from A to F. The Molise earthquake highlighted the subtle fea-
tures that separate a highly vulnerable building from one that is more resistant.
Following the EMS vulnerability assessment, buildings that proved to be the
most vulnerable would have been given a lower priority in mitigation efforts.
This problem is common to other macroseismic scales or any simplified vul-
nerability assessment procedure that is conducted without a real knowledge of
masonry construction over time, and the effectiveness of connections within
walls and between walls and floors. Augenti (2004) has shown similar conclu-
sions.

3. When assessed for vulnerability, buildings that are adjacent to each other
in rows must be treated together. In continuous rows of masonry buildings
where there is a lack of through-building ties, end buildings are more likely to
collapse. The risk is increased if buildings in the row are modernized or re-
placed in ways that make them taller and heavier. As already recognized in
regulations issued after the 1997 Umbria-Marche earthquake, modernization
projects should address mitigation measures for the entire row, rather than just
the individual property.

4. Poor maintenance and poor materials in the cores of walls are indications
of potentially poor performance in an earthquake. The Molise earthquake
proved to be particularly destructive of buildings that were in poor condition,
especially ones that have been abandoned for an extended period of time. If
water has percolated through masonry for an extended period, lime mortar,
mud mortar, is degraded. In San Giuliano we found often that mortar at the
core of the walls had degraded until it was loose sand. One of the most chal-
lenging problems throughout Italy’s historic hill towns may to identify build-
ings at risk because of this hidden condition, and to repair them with compat-
ible grouting or by the relaying of their damaged masonry walls before they
are destroyed. This condition should not be addressed with the injection of
high-strength cement grout, as that can cause more problems than it solves by
introducing an incompatibly rigid element into the wall.

5. The compatibility or incompatibility of materials and systems is a good
indicator of seismic vulnerability. The Molise earthquake was particularly
damaging to masonry buildings that had been remodelled with heavy rein-
forced concrete floors. These floors were not properly tied through the ma-
sonry walls, and thus did not contribute to holding them together. A significant
problem with this kind of construction is that the absence of wall ties is not
easy to verify. As a result of this earthquake, masonry buildings throughout
Italy with heavy replacement floors but without obvious through-wall ties that
engage all of the layers of masonry should be considered as Class A (highly
vulnerable) on the EMS scale.
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