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Carirornia HousinG DAMAGE RELATED TO
Expansive Souns
By Richard L. Meehan' and Lawrence B, Kam,z Menibers, ASCE

Assmact:  Differcntial movements m‘ foundatibagon expansivesoils’ bavi, {:ausuﬁ
dasmage to tiousands of omes in California, Huilding daninges oy justout-of-davel
Hoors have resylted in widespread claims snd repair CXpeR B paper discusses
_storiesd agd cRvironmental conditions which have Jod. seoblems in Cal

U Hoeini, Jodesinbes the Gosreal dlimcol-the-adn 8 Bubda Cm desagn and gonstiuc-
tiow methods used 10 minimize meovements, charstenizes out-of-level wsnditions,
and regommends folerances 4o assist in evaluating: the performange of residential
strugdures. The authiors conclude with a summary of eonsiderstivns ded comments
o How s of the barriess to upgrading professional es:gmmrm;, practice relistive
16 sxpinsive ¥pHs might Be pvercome.

IHTRODUCTION

Expansive soifrock damage 10 honsing: de\faiopments hzﬁs beena promem
that has become widely identified in California since the’ introdustion of
mass-marketed housing after Weorld War 1§, Regcognivon of the pmbiem by
designiers, developers, and building officials is leading to sore mifigation
of this problem, although increased development costs coupled with the
current (1990s} trend foward “affordability” through coustruction “econo-
mhies” may exacerbate it. Recent experience shows that construction of some
foundation systems, such as the use of pos‘ttemmmd slabs-on-ground, orig-
inally developed to solve problems, can result in new and costly problems.
In any case, the response of the building industry 1o utilize en gmeermg and
construction technofogy is slow and fragmented,

The writers have pmv;ded technical consultation invoiving pmmems arts—
ing principally from expansive soil Gamage to a variety ol buildinigs and
housing. tracts in California. Inv%tiganews have varied from brief visual
nspections 1w detailed gutopsies mvolving dismantling of the affected houses,
Projects investigated vary from tracts of several hundred moderate cost
honses, built between the 19605 and the 1980s in outlying suburbs, to ex-
pensive custom homes in the urban areas. The usual case is one where
marginaily effective foundation designs have led to differential foundation
movements ranging {rom 25-75 0r 100 mm (13 or 4 in.}). Both cause and
significance of this level of performance is often disputed.

I the case of & t‘ypica! single family house that has maved sevéral inches
one may hear at one.extreme that the damage is insignificant and that the
cause is some minorcombination of normat wear and tear and normal timber
sixrm&zﬁge combined with inevitable -minor foundation settiement. At the
other extreme one may hear (for the same house) that the damage is in-
tolerable and will worsen, that it makes the property “unsalable,” or even
that the structural safety of the building has been compromised.

Over the past few years there has been a desirable convergence of profes-
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sional engineering opinion on these matters. Accuriolated experience now
allows for some general guidelines aimed at establishing standards of ae-
ceptable performance, as suggested herein,

ENVIRONMENTAL CONDITIONS
Geﬁ{agy of Expmve (,iaysmms

ii)xsiuriaanae@ {::i tha gmiagac mfsntie gave Tise to ’voimmc acfmty in. the
central part of California during Tertiary times, some 35,000,000 years ago.
Voleanos produced ash that fell (o the ground or info water (e.g. tuff) and
subsequently weathered to montmorilionite-rich clay. {Much the same pro-
cess occurred during the recent eruption of Mount 5t. Helens.} Over time,
the result in California has been an accumulation of voung seds'memary
deposits pmse%mgktﬁe secondary cementation or Jithification, i e. sg-called
compaction claystones, variously ititerbedded with s&ndswnes and silt-
stones. Contipuing tectonic disturbance of these Tertiary-age beds resulted
in their being folded and faulted; forming the hills which fange up 1o 4
thousand or so feet above sca éevﬁi along California’s coastal regions, The
folding process has in some areas produced beds dipping at relatively uni-
form dangles as in the notorious Orinda Formation east of Berkeley or else-
where mixed in a more chactic melange as in parts of the Butano Formation
on the San Francisco Peninsula, .

The more clay-rich members of these formations exist as dxscrete Beds
usually several feet thick and seldom visible except where exposed on cliffs
or by e¥cavations. When wet; these “rocks” quickly revertfo a sticky clay.
Swelling occurs when they. are expowfi o moisture orare unloaded from
ovérburden. They typically give rise to other types o biﬁﬁy, including
landstiding, soil ¢reep, or earth flows.

MNatural water content of these days&{me:s istypicallyin iize 28-28% fange,
with plasticity indices {Pls) usually varying between 35 and 50. Volumetric
shrinkage proceeds at about 2% for exch 1% change in water content, and
- with exposure t0 drying, shrinkage proceeds untilthe shrinkage limit, typ-
ically 15%, is reached. This significant shrink potential, present even in
rock-like claystones, is itself a major-potential source of damage. For ex-
ample, 15% volumetric shrinkage of ouly 0.6 m (2 ft) of supporting rock
van lead 10 severe damage to most houses: Enpgingering attempts 1o achieve
immobility by strengthening foundations may fail becanseof the farge forces
and oftens unpredictable directions jovolved. Access to moisture produces
swell pressures of about 150500 kPa (3,000~10,060 psf}, swell index is
8.03 10 0.08 per log cycle of lpad.

These troublesome claystones, typtcaﬂy of Tertiary geelogic m’ag; L ean
usually be identified from geologic maps. Other older «layey rocks sg’g‘xmd-
stones) underling much of the coastal ranges, e.g. the Franciscan Formation;
bat these older, metamorphosed clays are less gxlastw zmd do ncr‘z gwe Tise
to such severe prohlams as the younger ¢la st@nes

Although expansive Tertiary day’smms &
when encountered in hillside Tand grading (Meehay
of mapped expansive sois-are located-down slope:
These soils exist as colluvium or, in largervalleys, as alluvial sofls seiectavc!y
deposited in lowland, poorly drained areas of the valley foor. However,
the presence of I’er’taary claystoncd ia the surronndiog hillsis 2 #rong in-
dicator of the presence of expansive soils in the valleys below,
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In the carly 19705, the Federal Housing Adminisiration (FHA) (1973),
San Francisco Insuring Office, classified the degree of expansiveness of soils
according to- their plasticity indices and liguid limits shown in Table 1.

_ The original FHA thart classified soil groups A, 8B, €, and I). To this
the writers have added a class E, representative of the claystone bedrock
~ found: in hillside areas as discussed in the previous Section. Swell indices
BG4 ey for soils D and claystones E are about 0,03 and .08, Tespectively.
For cyclic soil moisture changes conimeon in California, houses bl on g}
soily with conventional foundations are likely 16 suffer 50-75 mm (2-3 in.)
differénital movements over the vears. Conventionally designed shaflow

Diagnosing Expansive Soils

a
foundations usually shift 150-300 mm (612 in.) in claystones that fall in
- the type E classification. L o _
. Although the usual practice is 1o classify expansive soils by their plasticity
index (PD), since 1973 the Uniform Building Code (UBC 1991) hias used a
comparable expansion index (EI). Correlation between PI and El param-
gters. are summarized inTable 2. L N
T the absence of specific swell tests, FHA publications correlate Plto
swelling pressures; Pls of 25% are indicated as inducing an uplift pressure
on the order of 20,000 kPa {3,000 psf.or 22 psi) or more, depending on
collotdal activity (ratio of PI to clay size fraction). This agrees with the
wiiters” focal experience with expansive.soils. However, type B (dassified
in Table 1) expansive: claystones causé uplift pressures of about 479 kPa
(10,000 pst) of 'more, depending on siress history and confinenment.
Current Post-Tensioning Institute (PTI) design récommendations for PT
slabs-on-ground ‘are not-primarily based on Pl; the controlling design pa-

. TABLE 1. FHAMUD Classification of Expansive Solis-
 Solgroup PP L (%) " Classification
LS R SO . | L I . . A
B I R N L Monexpausive
I 3t 2530 - Marginal
125 : 30-50- Moderately expansive
25+ 50+ Highly expansive
A+ 1 om0 L Expandivédlaystons

SRR

TABLE 2. Plasticity and Expansive Indices Gorrelations
Csoitest | | Approximats Ranges |
BRI . | @ | ® | @& | & | 6
Plasticity index 5-T0% | 10-15% | 12-25% 20-45% | W%+
Clay content (>2 pm) | 5-10% | 10=18% | 15-25% | 25-35% | 23-60%
Potential expansion (clas-| Verylow | Low Maodiviy | High | Very high
siffedtion) moderate. | '
Expansion index 20 S-Sy ] 5190 e300 130+
Swell 28 kPa (60 pshy in | 6-3% | 3-5% | 5-10% W-15% | 15%+

st S : e »
Swell 6.9 kPa (144 psh) in| 0-2% | 2-4% | 4-7% 713 | 12%+
Swell 31 kPa (650 psf) in | 0% 0-1% | 1=4% | d46% | 6%+
‘Sitn o - R D '




rameter is percent of clay fraction. For example, the PTI tables entitled
“Differential Swell Occurting at the Perimeter of 5 Slab for a Center Lift
Swelling Condition in EredamiﬁanﬂzMﬁntqufiiigniwg Clay Soil” show that
at a depth to constant suction = 1.5 meters {3 f1); soll suction constant =
3.2; velocity of moistute flow constant = 0.7; and edge pﬁn&ﬁt&tiﬁn_dﬁsm_ﬁx

= 1.5 meters (5 ft), values of 42 mm (1.6 in.) differential swell
clay and 68 mm (2.71 in.).for 50% clay are given (Desigh 1980). Problen
with PT slabs on grade in servica include the effects of poor design (which
are habitually lack of stiffniess and sometim fidon looping, and seldom
reguired strict inspection specifications), common construction defects (such
s misplated tendons and irregular slab thickness), and lougsterm: perfor-
mance flaws {including loss of prestress-and corrosion).

Characteristics of Expansive Soil Fill o :

Depending on potential for moisture change—whether increase through
gradual soaking ordecrease by desiccation--the change in volume of fills
made from expansive soils can be significantover Several years. For example,
8 commmon CL-CH clay with a PI of 30, compacted to 90% ASTM DI557
at 25% water content, will exhibit a swell pressure of about 144 kPy (3,000
psf) and will be subject te long:-term swell of about 5% in the upper 3-4.5
m (1015 {) and compression of 2% ot more will occur below 10 m (30

“Volume changes occurring in the upper few feet benéath tight loads will

tend to be greatest both on account of lesser confinement and the higher
probability of varying moisture environmeits. For-example, with shallow
toundations the differential movement between a northern shaded side of
a hovse with irrigation and the opposing dry landscaped southers side of
the same house can be shown in theory to be roughly 150 mm (6 ir); the
writers have observed such movements to be about 75 mm (3 in.) in this
tommon $iteation. 3 T
Hydrology _ .

Postconstruction ground movements depend onéyclical moisture changes
that are affected by local climate. The Bay Area climate is seasonal wet-
dry Mediterrapean with winter rains of 300-380 mm (12-15in.) and mild
dry summers. Pan evaporation # about 1.5 m {60 i1.).

The seasonal “active zoue™ of surficial wetting and drying {with associated
soil shrinkage and swell} is usually taken to be 0.9-1.5 m (3-5 f) deep,
though some recent observations suggest that longer-term weather cyeles
may lead 1o desper changes, on the order of 3 my {10 ft) or more,

Troublesome: bedrock is usually found in upland areas with deep per
manen! water tables. Soil suction tests at one such site with abundant clay-
stone showed a general moisture deficiency with soil suction values forsandy

claystone bedrock typically of pF = 3.5~4, or 300~ 1,000 kPa {6,000-20,000
pst). Compacted fill derived from the samie materials exhibited values in
the same range. This was in an area that had besn developed in the 1970s.
Damage was. continying even into the 1990s. A decade of construction
disturbance and irrigation had not. provided enough moisture for full equi-
librium swelling. Some 400 houses 11 this subdivision, including Kouses on
cut and on fill, had soil damage claims. House level surveys showed vertical
misalignments in the range of 40-100 mm (1.5+4 in.}),
Local variations in soi i

i soil moisture are induced by wrigation {often exces-
sive), which creates spotty wet areas in landscaping hear and beagath foun-
dations. Local desiccation is common in dry sideyards with extra heat re-
flected from south-facing walls. Given the variations aroand the perimeter
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