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IN TRO DUC TION

The Wash ing ton Di vi sion of Ge ol ogy and Earth Re sources is
ac tively in ves ti gat ing earth quake haz ards state wide and has
con cen trated part of its tech ni cal pro gram on map ping de pos its 
in the Puget Sound re gion that are sus cep ti ble to seis mi cally in -
duced soil liq ue fac tion. This re port pres ents the tech ni cal eval -
u a tion used in gen er at ing the ac com pa ny ing liq ue fac tion sus -
cep ti bil ity map of the Greater Ta coma ur ban area of Pierce and
King Coun ties, Wash ing ton. The study area (Fig. 1) con sists of 
the Ta coma South and Puyallup 7.5-min ute quad ran gles and
those por tions of the Ta coma North, Gig Har bor, Steilacoom,
and Pov erty Bay quad ran gles east of Puget Sound. The map
is in tended to pro vide build ing of fi cials, land-use plan ners,
emer gency-re sponse per son nel, en gi neer ing con sul tants,
build ing own ers and de vel op ers, in sur ance pro vid ers, and pri -
vate cit i zens with an es ti mate of the like li hood the soil
will liq uefy as a re sult of strong earth quake shak ing.

Liq ue fac tion oc curs when wa ter-sat u rated sandy soil
loses strength dur ing se vere shak ing such as that gen er -
ated by an earth quake. Be low the ground wa ter ta ble, the
pore space be tween sand grains is filled with wa ter, and
the weight of the over ly ing soil mass is or di narily sup -
ported by grain-to-grain con tact. Strong shak ing dur ing a 
large earth quake can dis rupt the grain-to-grain con tact,
caus ing a de crease in grain sup port. If strong shak ing
lasts long enough, the grain struc ture of a loose sandy
soil may com pletely col lapse. When grain con tact sup -
port is lost, pore-wa ter pres sure must in crease to ac count
for stresses im posed by the weight of the over ly ing soil.
At this stage, the sandy soil is liq ue fied and will tem po -
rarily be have as a vis cous fluid, caus ing an im me di ate
loss of soil strength. The liq ue fied soil may then be sub -
ject to ex treme lat eral de for ma tion be cause it does not
pro vide much re sis tance to hor i zon tal forces. Such lat -
eral spread ing of the soils within and above the zone of
liq ue fac tion can cause tre men dous dam age to build ings
and bur ied util i ties within the mov ing soil mass. Collapse 
of grain struc ture can re sult in set tle ment of the soil col -
umn and loss of weight-bear ing ca pac ity, which may
cause se vere dam age to struc tures. Buoyant forces within 
a liq ue fied soil mass can cause flo ta tion of un der ground
tanks, pil ings, and other bur ied struc tures.

The liq ue fac tion sus cep ti bil ity map pre sented in this
re port is based on avail able 1:24,000-scale geo logic
map ping and the anal y sis of 502 geotechnical bor ings
ob tained from lo cal gov ern ment agen cies, the Wash ing -
ton State De part ment of Trans por ta tion, and the da ta base 
used in a pre vi ous liq ue fac tion haz ard map ping pro ject in 
the Ta coma area (Shan non & Wil son, 1993). Six cat e go -

ries of geo logic de pos its found in the study area are as signed a
rel a tive liq ue fac tion haz ard rat ing de ter mined through anal y -
sis of the geotechnical data and/or geo log i cal char ac ter iza tion.
A sev enth cat e gory com posed of ar eas un der lain by Ho lo cene
peat is also shown on the liq ue fac tion sus cep ti bil ity map. Al -
though peat is not sus cep ti ble to liq ue fac tion, it can be sus cep -
ti ble to per ma nent ground de for ma tion and strength loss dur -
ing earth quake shak ing.

Shan non & Wil son (1993) pre sented an eval u a tion and map 
of liq ue fac tion po ten tial for roughly the same area as that char -
ac ter ized in this study. Their liq ue fac tion haz ard map was
based on 1:63,500-scale geo logic map ping per formed as part
of a wa ter re source study (Walters and Kimmel, 1968). Both
Shan non & Wil son (1993) and this study em ployed a sim i lar
ap proach in cat e go riz ing geo logic units as to liq ue fac tion haz -
ard and applied a stan dard en gi neer ing meth od ol ogy to a large
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Fig ure 1. Map show ing the lo ca tion of the study area (black out line) within the
Greater Ta coma ur ban area.
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data set of geotechnical bor ings drilled within the study area.
In this study, we used larger-scale (1:24,000) geo logic map -
ping to more ac cu rately de lin eate liq ue fac tion haz ard ar eas and 
ex panded the num ber of bor ings within, and pro vided a higher
de gree of qual ity con trol on, the geo tech nical bor ing  database
used in the eval u a tion. In par tic u lar, we have com piled a larger
geotechnical bor ing da ta base for the filled tide flats area (us ing 
82 more bor ings than Shan non & Wil son) and set a min i mum
drilled depth of 20 ft (6.1 m) for in clu sion in the da ta base.

Be cause of the re gional na ture of this map, we de lin eate
only gen er al ized ar eas prone to liq ue fac tion and as sign only a
rel a tive sus cep ti bil ity to these ar eas. This map can not be used
to de ter mine the pres ence or ab sence of liquefiable soils be -
neath any spe cific lo cal ity. Like wise, we pres ent no es ti mate of 
the dam age re sult ing from liq ue fac tion; in many in stances, liq -
ue fac tion may oc cur with out caus ing sig nif i cant ground dis -
place ment or dam age to struc tures.

This map can not be sub sti tuted for a site-spe cific geo tech -
nical in ves ti ga tion, which must be per formed by qual i fied
prac ti tio ners and is re quired to as sess the po ten tial for liq ue -
fac tion and con se quent dam age at a given lo cal ity.

SUM MARY OF RE SULTS

A high liq ue fac tion sus cep ti bil ity is as signed to the fill area
cov er ing the for mer tide flats of Com mence ment Bay and re -
cent (mid- to late Ho lo cene) al lu vial de pos its of the Puyallup
Val ley and Cham bers Creek drain age. Ar eas un der lain by
 Holocene land slide de bris and beach de pos its are con sid ered to 
have a low to mod er ate sus cep ti bil ity based on re sults from
pre vi ous liq ue fac tion haz ard map ping in the Puget Sound
 region. Sandy gla cial outwash and ice-con tact de pos its from
the re ces sion of the lat est Pleis to cene con ti nen tal gla ci ation
(~13,000 years ago) are also re garded as hav ing a low to mod -
er ate liq ue fac tion sus cep ti bil ity. Quan -
ti ta tive eval u a tion of geotechnical data
ob tained from all other Pleis to cene de -
pos its in di cates a very low sus cep ti bil -
ity to liq ue fac tion. Peat de pos its can not 
liq uefy, but may be sub ject to sig nif i -
cant strength loss and both tran sient
and per ma nent ver ti cal and lat eral
 displacement caused by ground shak -
ing. Also, sand lay ers interbedded with
the peat de pos its may be liquefiable.

GEO LOGIC MAP PING OF
THE GREATER TA COMA
UR BAN AREA

The pri mary sources of 1:24,000-scale
geo logic map ping for this study were
pro vided by Smith (1977), Troost (in
press a,b), Troost and Booth (in press),
and Troost and oth ers (in press). These
geo logic maps were com piled into a
dig i tal cov er age as part of this study.
Ta ble 1 pres ents the cor re la tion be -
tween the map units used in Smith
(1977), Troost (in press a,b), Troost
and Booth (in press), and Troost and
oth ers (in press) and the gen er al ized
geo logic units de vel oped for this study. 

Mi nor re vi sions were made to the dig i tal ver sions of these
 authors’ map data in the course of the study. Riverine
geomorphic fea tures as so ci ated with the Puyallup River and
Wapato Creek (such as avulsed and aban doned chan nels or bar
and swale to pog ra phy) were in ter preted from ae rial pho tog ra -
phy and in cluded on the ac com pa ny ing liq ue fac tion sus cep ti -
bil ity map.

Wher ever pos si ble, we sub di vided re ces sional outwash and 
ice-con tact de pos its of the Vashon Stade of the Fra ser Gla ci -
ation mapped by Smith (1977), Troost (in press a,b), Troost
and Booth (in press), and Troost and oth ers (in press) into three 
tex tural units: unit Qvrc, which is pri mar ily com posed of
gravel and sand, unit Qvrs, which is pri mar ily com posed of
sand, and unit Qvrf, which is pri mar ily com posed of silt and
clay. This tex tural break down was nec es sary be cause pre vi ous
anal y ses and his toric per for mance in other parts of the Puget
Sound re gion in di cate that unit Qvrs is po ten tially sus cep ti ble
to liq ue fac tion in ar eas with a shal low ground wa ter ta ble
(Palmer and Mo ses, 1996; Palmer and oth ers, 1995, 1999).

Sandy or silty Vashon re ces sional and ice-con tact de pos its
(units Qvrs and Qvrl, re spec tively) were iden ti fied us ing U.S.
De part ment of Ag ri cul ture Soil Con ser va tion Ser vice (now
Nat u ral Re source Con ser va tion Ser vice) soil maps for the King 
and Pierce County ar eas (Snyder and oth ers, 1973; Zulauf,
1979). Dig i tal geo logic and ag ri cul tural soil coverages were
su per im posed in or der to iden tify ar eas of sandy or silty loams
fall ing within ar eas shown as Vashon re ces sional outwash
(gen er al ized geo logic unit Qvr) or ice-con tact de pos its (gen er -
al ized geo logic unit Qvi) on the geo logic source maps; we as -
signed these ar eas to the strati graphic units Qvrs and Qvrf, re -
spec tively. Sim i larly, ar eas of grav elly loam fall ing within
Vashon re ces sional outwash or ice-con tact de pos its were as -
signed to unit Qvrc. Field check ing at spot lo ca tions and re view 
of wa ter well and geotechnical bor ing logs con firmed that this
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Ta ble 1. Cor re la tion of units from geo logic map ping of the Gig Har bor (Smith, 1977), Ta coma
North (Troost and oth ers, in press), Ta coma South (Troost, in press b), Steilacoom (Troost and
Booth, in press), and Puyallup (Troost, in press a) 7.5-min ute quad ran gles, and the gen er al ized
geo logic units used in this study. N/A, not ap pli ca ble



ap proach was rea son ably ac cu rate in map ping soil tex ture
within the Vashon re ces sional de pos its. A sig nif i cant lim i ta -
tion to this tex tural map ping was that there was no ag ri cul tural
soil map ping pro vided in Zulauf (1979) within the Ta coma city 
lim its. Con se quently, no tex tural sep a ra tion of Vashon re ces -
sional de pos its was made within the city bound ary, and the re -
ces sional outwash and ice-con tact de pos its mapped by Smith
(1977), Troost (in press a,b), Troost and Booth (in press), and
Troost and oth ers (in press) were gen er al ized into units Qvr

and Qvi (Ta ble 1).

HIS TORIC LIQ UE FAC TION IN THE 
GREATER TA COMA UR BAN AREA

The three larg est earth quakes in re cent his toric times in the
Puget Sound re gion are the 1949 Olym pia earth quake (sur face
wave mag ni tude [Ms] 7.1), the 1965 Se at tle–Ta coma earth -
quake (body wave mag ni tude [mb] 6.5), and the 2001
Nisqually earth quake (mo ment mag ni tude [Mw] 6.8). Sig nif i -
cant por tions of the study area were ex posed to Mercalli Mod i -
fied In ten sity (MMI) VIII shak ing dur ing the 1949 earth quake, 
MMI VII in ten sity dur ing the 1965 earth quake, and MMI VI to
VII dur ing the Nisqually earth quake (Murphy and Ulrich,
1951; Rob erts and Ulrich, 1951; von Hake and Cloud, 1967;
Dewey and oth ers, 2002). The most com pre hen sive doc u men -
ta tion of liq ue fac tion-in duced ground fail ures caused by the
1949 and 1965 earth quakes is pre sented in Chleborad and
Schuster (1998). Most of the in for ma tion about liq ue fac tion
sites in the Puyallup area pre sented in their pub li ca tion was
orig i nally re ported in Shulene (1990).

Ta ble 2 sum ma rizes oc cur rences of liq ue fac tion re ported in 
Chleborad and Schuster (1998) within the study area dur ing
the 1949 Olym pia and 1965 Se at tle–Ta coma earth quakes, as

well as a liq ue fac tion ground fail ure re ported by Palmer and
Mo ses (1996) that oc curred dur ing the 1995 mag ni tude 5.0
Rob in son Point earth quake (site 12). Site num bers in Ta ble 2
re fer to lo ca tions shown on the ac com pa ny ing liq ue fac tion sus -
cep ti bil ity map.

Liq ue fac tion was com monly re ported in the Puyallup Val -
ley and filled tide flats dur ing the 1949 earth quake. How ever,
dur ing the 1965 earth quake, liq ue fac tion was ob served at only
one site in Puyallup (site 9) and one site in the filled tide flats
(site 2). The ef fects ob served at site 3 dur ing the 1965 event
(ground crack ing with out as so ci ated sand vent ing) is not un -
equiv o cal ev i dence of liq ue fac tion, as it could be re lated to
other ground-fail ure mech a nisms. No ev i dence of liq ue fac tion
within the study area was ob served dur ing the Nisqually earth -
quake (EERI, 2001) even though five sep a rate groups of in ves -
ti ga tors made in de pend ent re con nais sance of the Puyallup Val -
ley in the week fol low ing the earth quake. The lack of liq ue fac -
tion in the Puyallup Val ley dur ing this event was un ex pected
based on his tor i cal be hav ior and the as sess ment of a high liq -
ue fac tion haz ard for this area pre sented in Shan non & Wil son
(1993). How ever, ground shak ing in the Ta coma area was an -
oma lously low com pared to other ar eas at com pa ra ble hypo -
central dis tances; a peak ground ac cel er a tion of only 0.09 g
(where g is the ac cel er a tion due to grav ity) was mea sured in the 
filled tide flats area, whereas ground shak ing was two to three
times stron ger at sites far ther north at greater hypocentral dis -
tances. Ad di tion ally, west ern Wash ing ton was ex pe ri enc ing a
se vere drought at the time of the Nisqually earth quake, which
likely re sulted in an un usu ally low ground wa ter ta ble be neath
the Puyallup Val ley. Low er ing of the ground wa ter ta ble re -
duces the over all liq ue fac tion sus cep ti bil ity of a soil de posit.
The sub dued ground shak ing, pos si bly cou pled with the low

LIQ UE FAC TION SUS CEP TI BIL ITY OF THE GREATER TA COMA UR BAN AREA, WASH ING TON  3

Site
no.

Year of
earth quake Sum mary of re ports

1 1949

Dur ing the earth quake, white sand was re ported to have boiled out of ground crack ing that ini ti ated the Ta coma Nar row land slide.
Chleborad and Schuster (1998) in ter pret this re port as doc u ment ing a sand boil de vel oped dur ing earth quake shak ing, which is
gen er ally ac cepted as ev i dence of soil liq ue fac tion. An al ter nate ex pla na tion is that the vented sand may have been the re sult of
pip ing along the in cip i ent land slide fail ure sur face due to high pore wa ter pres sures, which may or may not have been earth quake
in duced.

2 1949, 1965
Dur ing the 1949 earth quake an ap prox i mately 1000 ft (305 m) long ground crack de vel oped along a line par al lel ing 11th Street
with 6 in (15 cm) of ver ti cal dis place ment. Sand boils ap peared in the tide flats along Al ex an der Av e nue be tween 11th Street and
Lin coln Av e nue dur ing the 1965 event.

3 1949, 1965
Sand boils and ground set tle ment were ob served at sev eral points in the tide flats, and nu mer ous wa ter line breaks were re ported
af ter the 1949 earth quake. A 500 ft (152 m) long ground crack formed along Thorne Road in the port in dus trial area dur ing the
1965 event.

4 1949 Sand boils were ob served near East 23rd and G Streets dur ing the earth quake.

5 1949 Sand boils ap peared along the North Levee Road.

6 1949 Sand boils ap peared along 44th Street East.

7 1949 Ground crack ing, set tle ment, and lat eral spread ing and slump ing were ob served along Clarks Creek.

8 1949 Sand boils were ob served at nu mer ous lo cal i ties north of the Puyallup in the vi cin ity of Free man Road.

9 1949, 1965
A large num ber of sand boils and ground cracks were ob served in the city of Puyallup dur ing the 1949 earth quake in the area near
Stew art Av e nue. Re ports in cluded base ments filled with 4 ft (1.2 m) of sand, bro ken con crete foun da tions, and groundwater
flood ing. Sand boils were ob served at only one site, Aylen Ju nior High School, dur ing the 1965 earth quake.

10 1949 Sand boils were re ported in the field west of the West ern Wash ing ton Fair Grounds.

11 1949 Sand boils were ob served along 7th Av e nue SE.

12 1995
Small sand boils were ob served at a res i dence in the west ern part of Fed eral Way af ter the Rob in son Point earth quake. Max i mum
ver ti cal and hor i zon tal ground dis place ments were ap prox i mately 2 in (5 cm). Move ment re sulted in through-go ing cracks in
foun da tion stem wall and foot ing, and se vere wrack ing of res i dence’s fram ing (Palmer and Mo ses, 1996).

Ta ble 2. De scrip tions of liq ue fac tion-in duced ground fail ures that oc curred within the study area dur ing the 1949 Olym pia, 1965 Se at tle–Ta coma,
and 1995 Rob in son Point earth quakes. Site num bers re fer to lo ca tions shown on the ac com pa ny ing liq ue fac tion sus cep ti bil ity map. Un less oth er -
wise noted by ci ta tion, all oc cur rences were re ported in Chleborad and Schuster (1998)



ground wa ter ta ble re sult ing from the dry win ter is the most
likely ex pla na tion for the lack of liq ue fac tion ob served in the
study area dur ing the Nisqually earth quake.

Site 1 in Ta ble 2 de scribes sand vent ing from a 2 in. (5 cm)
wide ground crack that de vel oped dur ing the 1949 earth quake
be hind the top of a 400 ft (122 m) high bluff at Salmon Beach.
The bluff failed three days af ter the earth quake, and had an
 estimated vol ume of 1,000,000 yd3 (760,000 m3). Geo logic re -
con nais sance of this land slide in di cates that it oc curred in
Vashon grav elly re ces sional and ad vance outwash over ly ing
older Pleis to cene gla cial and nonglacial de pos its (Chleborad,
1994). These geo logic units were found in this re port to have a
very low liq ue fac tion sus cep ti bil ity, so this re ported oc cur -
rence is un usual. An al ter nate ex pla na tion is that the vented
sand may have been the re sult of pip ing along the in cip i ent
land slide fail ure sur face due to high pore-wa ter pres sures,
which may or may not have been in duced by liquefaction.

LIQUEFACTION EVALUATION OF THE
GREATER TACOMA URBAN AREA

The method of anal y sis used in this study gen er ally fol lows
that used in sev eral pre vi ously pub lished liq ue fac tion sus cep ti -
bil ity maps for the Puget Sound re gion (for ex am ple, Grant and 
oth ers, 1998; Palmer, 1995; Palmer and oth ers, 1994, 1995,
1999, 2002; Shan non & Wil son, 1993). We de ter mined the po -
ten tial for soil liq ue fac tion based on the field eval u a tion meth -
od ol ogy de vel oped by Seed and Idriss (1971) and Seed and
oth ers (1983, 1985). We in cor po rated the mod i fi ca tions to this
meth od ol ogy pre sented in Youd and oth ers (1997).

The Seed and Idriss pro ce dure uses stan dard pen e tra tion
test (SPT) N-val ues1, sam ple de scrip tions, grain-size anal y ses, 
and ground wa ter depths ob tained from geotechnical bor ings to 
es ti mate the fac tor of safety (ra tio of re sist ing stresses to driv -
ing stresses) for a hy po thet i cal earth quake with a spec i fied
mag ni tude and peak ground ac cel er a tion (PGA). Be cause this
study was pri mar ily con cerned with eval u at ing liq ue fac tion
that could cause ob serv able ef fects at the ground sur face,
the eval u a tion of liq ue fac tion was lim ited to the up per 50 ft
(15.2 m) of the bor ings. This depth re stric tion al lows a di rect
com par i son to his toric re ports of liq ue fac tion ex hib it ing ef -
fects at the ground sur face.

Seed and oth ers (1985) noted that vari a tion in drill ing
meth ods and sam pling pro ce dures used in geotechnical bor -
ings can sig nif i cantly af fect the mea sured SPT N-val ues, and
they rec om mended cer tain pro ce dures for ob tain ing those val -
ues. Drill ing and sam pling pro ce dures for the geotechnical
bor ings avail able in the study area are poorly doc u mented and
rarely com ply with Seed and oth ers’ (1985) rec om mended
prac tice. Most no ta bly, many of the bor ings used in this study
were drilled us ing hol low stem au gers, whereas the rec om -
mended pro ce dure re quires mud-ro tary drill ing. It would not
be pos si ble to per form a de fen si ble eval u a tion of liq ue fac tion

sus cep ti bil ity us ing only the sparse bor ing data set that ad hered 
to all of the rec om mended pro ce dures. Con se quently, we used
all avail able geotechnical bor ing data where the geotechnical
re ports or bor ing logs in di cated that the mea sure ment of the
SPT N-val ues con formed to Amer i can So ci ety for Test ing and
Ma te ri als (ASTM) stan dard D 1586-84 (Amer i can So ci ety for
Test ing and Ma te ri als, 1999a). It was as sumed that the en ergy
de liv ered to the sam pler was 60 per cent of the o ret i cal max i -
mum, ex cept in the case of a small num ber of bor ings drilled by 
the Wash ing ton De part ment of Trans por ta tion (WSDOT). In
these WSDOT geotechnical bor ings, an au to matic trip ham mer 
was em ployed in per form ing the SPT, and ham mer ef fi ciency
for these bor ings was as signed a value of 70 per cent. This is a
some what con ser va tive value, as test ing of CME au to matic
ham mers on two WSDOT drill rigs in di cated ham mer ef fi cien -
cies of 73 and 81 per cent (Amer i can So ci ety of Civil En gi -
neers, 1995).

The field eval u a tion meth od ol ogy of Seed and oth ers
(1983, 1985) re quires an es ti mate of the fines frac tion (the
frac tion of a sam ple that passes a 200-mesh sieve). Mea sured
grain-size data were used to pro vide this pa ram e ter when avail -
able; oth er wise the fines frac tion was es ti mated from the soil
cat e gory de noted on the bor ing log us ing the Uni fied Soil Clas -
si fi ca tion Sys tem (USCS) as de fined by ASTM stan dard D
2487-90 (Amer i can So ci ety for Test ing and Ma te ri als, 1999b).
If no USCS soil clas si fi ca tion was pre sented on the log, sam ple 
de scrip tions were used to de rive the ap pro pri ate soil cat e gory.
The field eval u a tion meth od ol ogy of Seed and oth ers (1983,
1985) con sid ers only sand soils (USCS S-type soils) as be ing
po ten tially liquefiable. There fore, we did not ex plic itly con -
sider liq ue fac tion of soils clas si fied as silts, even though liq ue -
fac tion of na tive silt soils has been ob served in past earth -
quakes (for ex am ple, at Ying Kou City [Arulanandan and oth -
ers, 1986], San Fernando Ju ve nile Hall [Bennett, 1989], and
Moss Land ing [Boulanger and oth ers, 1998]). Re cent in ves ti -
ga tions in di cate that some silt soils will liq uefy or un dergo cy -
clic strain weak en ing dur ing earth quake load ing (Prakash and
Sandoval, 1992; Vessely and oth ers, 1996).

We made cal cu la tions of the fac tors of safety us ing the field 
eval u a tion meth od ol ogy of Seed and oth ers (1983, 1985) for a
hy po thet i cal earth quake of mo ment mag ni tude (Mw) 7.3 that
pro duces a PGA of ei ther 0.15 g or 0.30 g, where g is the ac cel -
er a tion due to grav ity. This is con sis tent with the sce nar ios
used in pre vi ously pub lished liq ue fac tion sus cep ti bil ity maps
for the Puget Sound re gion (for ex am ple, Grant and oth ers,
1998; Shan non & Wil son, 1993; Palmer, 1995; Palmer and oth -
ers, 1994, 1995, 1999, 2002). The Mw 7.3 sce nario earth quake
is in tended to rep re sent an in ter me di ate-depth earth quake
 located within the subducting Juan de Fuca plate (intraplate
earth quake), anal o gous to the 1949 Olym pia event. The two
val ues of PGA used as the sce nario ground mo tions are
 expected to bracket the range pre dicted for a Mw 7.3 intraplate
event. The 0.30 g PGA sce nario cor re sponds closely to the
value mea sured in down town Olym pia dur ing the 1949 earth -
quake. Proba bil is tic seis mic haz ard map ping (Frankel and oth -
ers, 1996) in di cate that within much of the study area, a PGA of 
0.30 g has a 10 per cent chance of be ing ex ceeded in the next 50
years. The 0.15 g PGA sce nario rep re sents a mod er ate level of
ground shak ing within the study area and would have ap prox i -
mately a 50 per cent chance of be ing ex ceeded in the next 50
years based on the map ping of Frankel and oth ers (1996).
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1 The stan dard pen e tra tion test (SPT) is made in a geotechnical bor ing
as part of soil sam pling and is con ducted us ing an Amer i can So ci ety of
Testing Ma te rials ap proved pro ce dure. The SPT N-value is the num ber
of blows of a 140 pound ham mer drop ping 30 inches re quired to drive a
stan dard soil sam pler 12 inches. The num ber of ham mer blows
(N-value) is roughly pro por tional to the com pact ness of the soil.
Therefore, loose soils that are po ten tially liquefiable will have low SPT
N-val ues.



We ob tained SPT N-val ues and other nec es sary data (fines
con tents, ground wa ter depths, etc.) from the logs of geotech -
nical bor ings so that we could es ti mate the thick ness and depth
of in di vid ual liquefiable soil units and the ag gre gate thick ness
of liquefiable soils in each bor ing. Liq ue fac tion at a par tic u lar
depth was con sid ered to oc cur when the fac tor of safety was
less than one for the in put sam ple data and ground-mo tion con -
di tions (Mw and PGA). We ob tained the thick ness of lique fi -
able ma te rial and to tal thick ness of each haz ard cat e gory en -
coun tered in a bor ing from this fac tor-of-safety anal y sis. We
then com bined re sults from all of the bor ings an a lyzed to eval -
u ate the over all liq ue fac tion sus cep ti bil ity for each of the haz -
ard cat e go ries.

Re cent stud ies in di cate that other earth quake sources have
the po ten tial to gen er ate more se vere ground shak ing than the
sce nario earth quake con di tions cho sen for this study. The po -
ten tial for Mw 8 or larger earth quakes oc cur ring on the Cas -
cadia subduction zone has been rec og nized (Atwater, 1987;
Weaver and Shedlock, 1996; Atwater and oth ers, 1995) and is
gen er ally ac cepted in the en gi neer ing and earth-sci ence com -
mu ni ties. Ground-mo tion sim u la tion stud ies for a Mw 8.0 to
8.5 subduction-zone earth quake pre sented by Cohee and oth -
ers (1991) and Silva and oth ers (1998) sug gest that the ground
 surface PGA val ues in the Puget Sound re gion re sult ing from
such an earth quake would be within a range of 0.10 to 0.25 g.
 However, the du ra tion of strong ground shak ing for a
subduction-zone event would be sig nif i cantly lon ger than for
the Mw 7.3 sce nario event used in this study. The lon ger du ra -
tion of shak ing could re sult in more nu mer ous in stances of liq -
ue fac tion (based on the ef fect of the mag ni tude scal ing fac tor
in the fac tor-of-safety anal y sis, for ex am ple, Youd and No ble,
1997) and more ground dis place ment and dam age.

A steep, east–west-trending Bouguer grav ity gra di ent
cross ing the west ern por tion of Pierce County was in ter preted
as a prob a ble fault by Gower and oth ers (1985). Brocher and
oth ers (2001) use a tomographic in ver sion of the 1998 SHIPS
(Seis mic Haz ards In ves ti ga tions in the Puget Sound) data to in -
fer a steep bed rock fault, which they termed the Ta coma fault,
in roughly the same lo ca tion as the prob a ble fault mapped by
Gower and oth ers (1985). Sherrod and oth ers (2002) sum ma -
rize ev i dence of sud den changes in land level about 1000 years
ago that they at trib ute to coseismic up lift dur ing an earth quake
on the Ta coma fault. A large earth quake on the Ta coma fault
might re sult in stron ger ground shak ing within the study area
than that con sid ered by the sce nario earth quake con di tions
used in our liq ue fac tion anal y sis.

Our eval u a tion of liq ue fac tion sus cep ti bil ity could be
viewed as non-con ser va tive be cause liq ue fac tion of silts was
not con sid ered and the range of sce nario ground mo tions does
not bracket the most se vere earth quake ground mo tions that
can plau si bly af fect the study area. How ever, this eval u a tion
does pro vide a quan ti ta tive ba sis for as sess ing the rel a tive liq -
ue fac tion sus cep ti bil ity of the geo logic de pos its oc cur ring in
the study area. Fur ther more, these re sults can be com pared to
those used in the de vel op ment of liq ue fac tion sus cep ti bil ity
maps for the Se at tle, Ta coma, Greater Eastside, and Olym pia
ur ban ar eas to pro vide a re gion ally con sis tent eval u a tion of the
liq ue fac tion hazard.

Liq ue fac tion Sus cep ti bil ity Map 
Pre sen ta tion and Accuracy

The liq ue fac tion sus cep ti bil ity map that ac com pa nies this re -
port was printed at a scale of 1:30,000 in or der to pres ent the
en tire study area on a sin gle stan dard-size plate. How ever, the
printed map was gen er ated us ing 1:24,000-scale dig i tal cover -
ages of the geo logic and liq ue fac tion sus cep ti bil ity map ping;
there fore, the dig i tal data re flect the orig i nal 1:24,000-scale of
the haz ard map ping.

The lo ca tion ac cu racy of the dig i tized con tacts of dif fer ent
haz ard zones rel a tive to the lo ca tion of geo logic con tacts on
the orig i nal map ping can be rea son ably quan ti fied. Con tacts
be tween ad ja cent geo logic units on the orig i nal 1:24,000-scale
map ping are rep re sented by a line with a width of 0.0125 in.
(0.318 mm); at map scale this line width rep re sents a dis tance
of 25 ft (7.6 m). Spa tial reg is tra tion of the orig i nal 7.5-min ute
geo logic maps dur ing digitization was very good and prob a bly
would not re sult in shift ing of con tact lo ca tions by more than 5
ft (1.5 m). These two sources of digitization er ror sug gest that
the con tact lo ca tion on the ac com pa ny ing liq ue fac tion sus cep -
ti bil ity map rel a tive to the orig i nal geo logic map ping is ac cu -
rate to roughly 30 ft (9.1 m).

The more sig nif i cant fac tor af fect ing map ac cu racy is the
place ment of con tacts on the orig i nal geo log i cal map ping. Ac -
cu racy of these geo logic con tacts is in flu enced by a num ber of
fac tors that in clude:

l de ter mi na tion of geo logic units and cri te ria used dur ing
field map ping,

l cor rect iden ti fi ca tion of the geo logic units,

l ac cu rate lo ca tion of geo logic con tacts that can be
ob served and mapped in the field,

l un cer tainty in map ping of gradational con tacts, and

l in fer ence of con tact lo ca tions where they can not be
ob served and mapped.

Quan ti fi ca tion of this source of map in ac cu racy is dif fi cult, 
if not im pos si ble. For the pur pose of this study, the lo ca tion of
geo logic con tacts has been ac cepted at face value from their
orig i nal sources and used as the ba sis for de lin eat ing ar eas of
dif fer ent liq ue fac tion sus cep ti bil ity. This haz ard map is not in -
tended to re place a site-spe cific in ves ti ga tion needed to de ter -
mine if a par tic u lar lo cal ity is un der lain by liquefiable soils.
There fore, it is strongly rec om mended that po ten tial us ers of
this map con sider con sul ta tion with qual i fied prac ti tio ners
com men su rate with the level of risk they are will ing to ac cept
re gard ing the pos si ble im pact of earth quake-in duced liq ue fac -
tion.

Liquefaction Analysis

The geo logic units in the study area are sep a rated into seven
group ings based on their geo log i cal and en gi neer ing char ac ter -
is tics and geo graphic dis tri bu tion. These group ings are:

l ar ti fi cial fill and Ho lo cene al lu vium de pos ited at the
mouth of the Puyallup River in the area of the in tensely
de vel oped for mer tidal marsh and ad ja cent up lands
(termed the ‘filled tide flats’),

l ar ti fi cial fill and Ho lo cene al lu vium de pos ited in the
Puyallup Val ley up stream from the filled tide flats,
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l ar ti fi cial fill and Ho lo cene al lu vium within the Cham bers 
Creek drain age,

l Pleis to cene Vashon gla cial re ces sional outwash and
ice-con tact de pos its com posed pri mar ily of sand 
(unit Qvrs),

l Ho lo cene beach and land slide de pos its,

l all other Pleis to cene gla cial and nonglacial de pos its, and

l Ho lo cene peat de pos its pre sumed to have a thick ness of
10 ft (3 m) or greater.

We used a mod i fied ver sion of the thick ness cri te ria de vel -
oped by Grant and oth ers (1998) in de ter min ing the liq ue fac -
tion haz ard for five of the seven group ings. (We did not an a -
lyze Ho lo cene beach and land slide de pos its or peat, as no bor -
ings in our da ta base en coun tered these de pos its.) The
thick ness cri te ria and haz ard rat ing scheme used by Grant and
oth ers (1998) is based on the to tal (ag gre gate) thick ness of all
lique fiable soil units pen e trated by an in di vid ual bor ing. We
cal cu lated the ag gre gate thick ness, ex pressed in ab so lute units
(feet or me ters), for both ground mo tion sce nar ios. In Grant
and oth ers’ (1998) ap proach, the drilled depth is ir rel e vant, so
that a bor ing drilled to a depth of 20 ft (6.1 m) that en coun ters a
10 ft (3.0 m) ag gre gate thick ness of liquefiable soil is equiv a -
lent in terms of the haz ard rat ing to a 40 ft (12.2 m) deep bor ing
that also en coun ters an ag gre gate thick ness of 10 ft (3.0 m) of
lique fiable soil. We mod i fied the ag gre gate thick ness val ues
by nor mal iz ing the ag gre gate thick ness of liquefiable soils en -
coun tered in a bor ing by the to tal pen e trated thick ness of that
bor ing and ex press ing the nor mal ized re sult as a per cent age of
the to tal pen e trated thick ness. In the above ex am ple, the 20 ft
(6.1 m) bor ing would have a nor mal ized ag gre gate thick ness of 
50 per cent and the 40 ft (12.2 m) bor ing would have a nor mal -
ized ag gre gate thick ness of 25 per cent.

As sum ing the depth to ground wa ter to be the same as that at 
the time of drill ing, we cal cu lated the nor mal ized ag gre gate
thick ness of liquefiable soils for all bor ings and gen er ated cu -
mu la tive fre quency his to grams for each of the first four of the
geo logic group ings (see Figs. 2–5). His to grams are not pre -
sented for the fifth group ing be cause the liq ue fac tion re sponse
of this group ing was in con se quen tial. The his to grams show,
for each of the two ground mo tion sce nar ios, the per cent age of
bor ings that ex ceed a spe cific nor mal -
ized ag gre gate liquefiable thick ness.
Nor mal ized cu mu la tive fre quency his -
to grams were used by Palmer (1995)
and Palmer and oth ers (1994, 1995,
1999, 2002) to char ac ter ize liq ue fac -
tion sus cep ti bil ity in many parts of the
Puget Sound re gion.

The haz ard rat ing scheme used in
this study is based on the per cent age of
bor ings ex ceed ing cer tain nor mal ized
ag gre gate thick ness cri te ria (Ta ble 3).
For the 0.15 g sce nario, the rel a tive
haz ard is de ter mined by the per cent age
of bor ings that have any liquefiable
soil, and for the 0.30 g sce nario, by the
per cent age of bor ings in which the nor -
mal ized ag gre gate thick ness of lique fi -
able soil ex ceeds 25 per cent. The thick -
ness cri te rion of 25 per cent that we

used in the 0.30 g sce nario cor re sponds to that used by Grant
and oth ers (1998), who con sid ered liq ue fac tion to be sig nif i -
cant where, in the up per 40 ft (13 m) of a bor ing, “a min i mum
of 10 ft (3 m) of soil (cu mu la tive thick ness) would liq uefy in
the 0.30 g earth quake”.

In our fi nal haz ard de ter mi na tion, we also con sidered the
his toric oc cur rences of liq ue fac tion for each geo logic group -
ing. The thick ness cri te ria haz ard rat ings for the five geo logic
group ings and the oc cur rence of liq ue fac tion dur ing his tor i cal
earth quakes within the study area are sum ma rized in Ta ble 4.

Results

FILL AND HO LO CENE AL LU VIUM 
OF THE FILLED TIDE FLATS

Since the late 1800s, the marsh and intertidal area at the mouth
of the Puyallup River have been cov ered with fill to al low the
de vel op ment of the Port of Ta coma and sur round ing in dus trial
fa cil i ties. The ap prox i mate out line of the filled tide flats is de -
picted on the ac com pa ny ing map. Much of the fill was em -
placed with out any en gi neer ing de sign or in spec tion, and liq -
ue fac tion of this un con sol i dated fill and the un der ly ing na tive
soil has been ob served dur ing his toric earth quakes.

We an a lyzed 284 geotechnical bor ings that pen e trated fill
and Ho lo cene al lu vium within the filled tide flats. The cu mu la -
tive fre quency his to grams de vel oped from these data are
shown in Fig ure 2. The me dian pen e trated thick ness of the fill
and al lu vium in these bor ings is 50.0 ft (15.2 m); me dian depth
to ground wa ter re ported at the time of drill ing was 6.5 ft (2.0
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Borings exceeding the normalized
aggregate thickness criteria (%) Hazard rating

> 50 High

25–50 Moderate

5–25 Low

< 5 Very low

Ta ble 3. Cri te ria used in this re port to pro vide a liq ue fac tion haz ard
rat ing. For the 0.15 g sce nario, the haz ard is de ter mined by the per cent -
age of bor ings in a par tic u lar geo logic unit in which any liquefiable soil
was en coun tered (nor mal ized ag gre gate thick ness ex ceeds 0 per cent).
For the 0.30 g sce nario, the haz ard is de ter mined by the per cent age of
bor ings in which the nor mal ized ag gre gate thick ness of lique fiable soil
ex ceeds 25 per cent

Geo logic group ing

Thick ness cri te ria rat ing

His tor i cal
liq ue fac tion

(Ta ble 2)

Fi nal
liq ue fac tion

sus cep ti bil ity
haz ard rat ing

Ground-wa ter
depth at time

of drill ing

Ground wa ter
as sumed at

ground sur face

Fill and Ho lo cene al lu vium
of the filled tide flats

High N/A sites 2, 3 and 4 High

Fill and Ho lo cene al lu vium
of Puyallup Val ley

Mod er ate N/A
sites 5, 6, 7, 8,
9, 10, and 11

High

Fill and Ho lo cene al lu vium
of Cham bers Creek

High N/A none ob served High

Sandy Vashon re ces sional
outwash and ice-con tact
de pos its (unit Qvrs) 

Very low
Low to

mod er ate
site 12

Low t
 mod er ate

All other Pleis to cene gla cial
and nonglacial de pos its

Very low Very low
pos si ble

oc cur rence at
site 1

Very low

Ta ble 4. Sum mary of thick ness-cri te ria haz ard rat ings for the five geo logic group ings in the study
area hav ing suf fi cient geotechnical bor ing data to per form fac tor-of-safety anal y ses. Also shown
are a sum mary of his tor i cal liq ue fac tion within the study area and the fi nal as sign ment of liq ue fac -
tion sus cep ti bil ity haz ard. N/A, anal y sis not per formed for this ground-wa ter con di tion



m). For ground wa ter depths mea sured at the time of drill ing,
ap prox i mately 54 per cent of these bor ings con tain some
amount of liquefiable soil for the 0.15 g ground-mo tion sce -
nario. For the 0.30 g sce nario, about 52 per cent of the bor ings
en coun tered liquefiable soil ex ceed ing an ag gre gate thick ness
of 25 per cent. These val ues in di cate that the fill and Ho lo cene
al lu vium un der ly ing the filled tide flats have a high liq ue fac -
tion sus cep ti bil ity (Ta ble 4), based on the thick ness cri te ria
pre sented in Ta ble 3. This rat ing is sup ported by the num ber of
his toric oc cur rences of liq ue fac tion in this area (sites 2–4 in
Ta ble 2 and on the ac com pa ny ing map).

FILL AND HO LO CENE AL LU VIUM 
OF THE PUYALLUP VAL LEY

The Puyallup Val ley is a gla cially carved trough that has been
filled with a thick sec tion of al lu vial sed i ments dur ing the mid-
and late Ho lo cene. Other than the filled tide flats dis cussed
above, there are only small ar eas of ar ti fi cial fill in the
Puyallup Val ley.

We an a lyzed 81 geotechnical bor ings that pen e trated mi nor 
fill and Ho lo cene al lu vium in the Puyallup Val ley. The cu mu -
la tive fre quency his to grams de vel oped from these data are
shown in Fig ure 3. The me dian pen e trated thick ness of the fill
and al lu vium in these bor ings is 41.5 ft (12.6 m); me dian depth
to ground wa ter re ported at the time of drill ing was 8.0 ft (2.4
m). For ground wa ter con di tions en coun tered at the time of
drill ing, ap prox i mately 48 per cent of these bor ings con tain
some amount of liquefiable soil for the 0.15 g ground mo tion
sce nario. For the 0.30 g sce nario, about 45 per cent of the bor -
ings en coun tered liquefiable soil ex ceed ing an ag gre gate
thick ness of 25 per cent. By strictly ap ply ing the cri te ria in Ta -
ble 3, these val ues in di cate that the fill and Ho lo cene al lu vium
un der ly ing the Puyallup Val ley have a mod er ate liq ue fac tion
sus cep ti bil ity. How ever, we note that the ag gre gate thick -
nesses are within a few per cent of a high haz ard rat ing. The sig -
nif i cant num ber of his toric oc cur rences of liq ue fac tion in this
area (sites 5–11 in Ta ble 2 and on the ac com pa ny ing map) sup -

ports our as sign ment of a high liq ue fac tion sus cep ti bil ity haz -
ard rat ing to the Puyallup Val ley (Ta ble 4).

The Puyallup River has been channelized along its reach
west of the city of Puyallup for flood con trol pur poses. The for -
mer course of the river has been mapped us ing ae rial pho tog ra -
phy, and the for mer chan nels and me an der bend cut-offs, as
well as ar eas of bar and swale to pog ra phy, are shown on the ac -
com pa ny ing map. These aban doned courses of the Puyallup
River and as so ci ated bar and swale to pog ra phy may rep re sent
ar eas of lo cally higher liq ue fac tion sus cep ti bil ity. The aban -
doned chan nels are top o graph i cally low ar eas, and would con -
se quently have a higher ground wa ter ta ble than the sur round -
ing flood plain. Also, ar eas of bar and swale to pog ra phy are
typ i cally rich in clean sand with re spect to overbank de pos its,
which are com monly com posed of silt or silty sand. In a re view
of liq ue fac tion caused by the Loma Prieta earth quake in the
Monterey Bay re gion of Cal i for nia, Dupré and Tinsley (1998)
found that liq ue fac tion was con cen trated in ar eas mapped as
aban doned chan nel fill and point-bars within youn ger flu vial
de pos its.

FILL AND HOLOCENE ALLUVIUM 
OF CHAMBERS CREEK

Cham bers Creek is a large stream that flows di rectly into the
Puget Sound near Steilacoom. The drain age ba sin for Cham -
bers Creek is pre dom i nantly un der lain by Vashon gla cial out -
wash com posed of sand and gravel; con se quently the al lu vium
of Cham bers Creek is largely com posed of sand and gravel.

We an a lyzed 24 geotechnical bor ings that pen e trated fill
and Ho lo cene al lu vium in the Cham bers Creek drain age, and
show the cu mu la tive fre quency his to grams de vel oped from
these data in Fig ure 4. The me dian pen e trated thick ness of the
fill and Ho lo cene al lu vium in these bor ings is 34.5 ft (10.5 m);
me dian depth to ground wa ter re ported at the time of drill ing
was 5.8 ft (1.8 m). For ground wa ter con di tions en coun tered at
the time of drill ing, ap prox i mately 58 per cent of these bor ings
con tain some amount of liquefiable soil for the 0.15 g ground
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Fig ure 2. Cu mu la tive fre quency his to grams de vel oped from 284 geo -
technical bor ings pen e trat ing ar ti fi cial fill and Ho lo cene al lu vium in the
filled tide flats of Ta coma. Ground wa ter depth at the time of the sce -
nario earth quake is as sumed to be the same as the depth mea sured
dur ing drill ing.

0

20

40

60

80

100

0 20 40 60 80 100

Normalized aggregate liquefiable thickness (%)

T
ot

al
 b

or
in

gs
 (

%
) 30 g

15 g

Fig ure 3. Cu mu la tive fre quency his to grams de vel oped from 81
geotechnical bor ings pen e trat ing ar ti fi cial fill and Ho lo cene al lu vium
un der ly ing the Puyallup Val ley up stream from the filled tide flats.
Groundwater depth at the time of the sce nario earth quake is as sumed
to be the same as the depth mea sured dur ing drill ing.



mo tion sce nario. For the 0.30 g sce nario about 63 per cent of
the bor ings en coun tered liquefiable soil ex ceed ing an ag gre -
gate thick ness of 25 per cent. These val ues in di cate that the fill
and Ho lo cene al lu vium un der ly ing the Cham bers Creek drain -
age have a high liq ue fac tion sus cep ti bil ity us ing the thick ness
cri te ria pre sented in Ta ble 3. There are no re ports of his toric
liq ue fac tion in this area, so we as sign this geo logic cat e gory a
high liq ue fac tion sus cep ti bil ity rat ing (Ta ble 4) based solely
on the re sults of the geotechnical bor ing anal y sis.

VASHON SANDY RECESSIONAL OUTWASH

Vashon re ces sional outwash and ice-con tact de pos its pre dom i -
nantly com posed of sand (unit Qvrs) were sep a rated from both
silty or grav elly (units Qvrf and Qvrc, re spec tively) re ces sional
outwash, gla cial lake, and ice-con tact de pos its us ing ag ri cul -
tural soils map ping avail able for the study area (Snyder and
oth ers, 1973; Zulauf, 1979). Quan ti ta tive eval u a tion of the liq -
ue fac tion sus cep ti bil ity of unit Qvrs was based on our anal y sis
of 22 geotechnical bor ings drilled in this de posit. The me dian
drilled thick ness of unit Qvrs in the bor ings is 19.9 ft (6.1 m);
me dian ground wa ter depth at the time of drill ing was 17.5 ft
(5.3 m). Fig ure 5 pres ents cu mu la tive fre quency his to grams
for unit Qvrs based on anal y ses of these data. No bor ings en -
coun tered any liquefiable soil for the 0.15 g ground mo tion
sce nario us ing the ground wa ter depth mea sured at the time of
drill ing. Like wise, for this ground wa ter con di tion no bor ings
con tain more than a 25 per cent ag gre gate thick ness of
liquefiable soil for the 0.30 g sce nario. There fore, unit Qvrs

would have a very low haz ard rat ing based on the thick ness cri -
te ria pre sented in Ta ble 3 and would not be par tic u larly sus cep -
ti ble to liq ue fac tion in its na tive state.

Pre vi ous as sess ments of sandy Vashon gla cial outwash in
the south west ern King County and the Olym pia ar eas (Palmer
and oth ers, 1995, 1999) in di cated that above a depth of ap prox -
i mately 20 ft (6.1 m) these de pos its are sus cep ti ble to liq ue fac -
tion in their na tive state, par tic u larly in ar eas with a shal low

ground wa ter ta ble. These as sess ments were sup ported by the
re ported oc cur rences of liq ue fac tion in unit Qvrs de pos its dur -
ing the 1949 and 1965 Puget Sound earth quakes (Palmer and
oth ers, 1995, 1999). Con se quently, our find ing that unit Qvrs

has a very low sus cep ti bil ity in the Ta coma study area con tra -
dicts the re sults of past as sess ments.

How ever, the me dian drilled depth for bor ings pen e trat ing
unit Qvrs is only slightly greater than the me dian ground wa ter
depth mea sured dur ing drill ing, and the shal low est ground wa -
ter depth mea sured in any of the bor ings used in the anal y sis
was 10 ft (3.0 m). Con se quently, the very low haz ard rat ing
may not be rep re sen ta tive of the ac tual haz ard in ar eas where
ground wa ter is shal low. To eval u ate the liq ue fac tion haz ard
for shal low ground wa ter con di tions, we an a lyzed the geo tech -
nical bor ing data as sum ing that ground wa ter was at the ground
sur face. The cu mu la tive fre quency his to grams for this ground -
wa ter con di tion are shown in Fig ure 5. For ground wa ter at the
ground sur face, ap prox i mately 5 per cent of the bor ings con tain 
some amount of liquefiable soil for the 0.15 g ground mo tion
sce nario and about 35 per cent of the bor ings con tain more than
a 25 per cent ag gre gate thick ness of lique fiable soil for the 0.30
g sce nario. This cor re sponds to a low to mod er ate haz ard rat ing 
based on the cri te ria pre sented in Ta ble 3.

Liq ue fac tion oc curred at a site un der lain by sandy Vashon
gla cial outwash in south west ern King County (site 12 in Ta ble
2 and on the ac com pa ny ing liq ue fac tion sus cep ti bil ity map)
dur ing the 1995 Rob in son Point earth quake (Palmer and Mo -
ses, 1996). The oc cur rence of liq ue fac tion dur ing a mag ni tude
5.0 earth quake such as the Rob in son Point event is un usual but
not un prec e dented (for ex am ple, Audemard and de Santis,
1991). The site was lo cated in an area where the ground wa ter
was very shal low as a re sult of heavy pre cip i ta tion in the weeks 
pre ced ing the earth quake, a con di tion that likely con trib uted to 
liq ue fac tion. The res i dence was con structed on a cut-and-fill
pad on a slope with a nat u ral grade of ap prox i mately 10 per -
cent. It is likely that dis tur bance of the na tive soil dur ing grad -
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Fig ure 4. Cu mu la tive fre quency his to grams de vel oped from 24 geo -
technical bor ings pen e trat ing ar ti fi cial fill and Ho lo cene al lu vium in the
Cham bers Creek drain age. Ground wa ter depth at the time of the sce -
nario earth quake is as sumed to be the same as the depth mea sured
dur ing drill ing.
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ing may have left it in a loose con di tion, which may have been
an other sig nif i cant fac tor in the 1995 ground fail ure.

The liq ue fac tion oc cur rence at site 12 in di cates that
ground wa ter near or at the ground sur face does oc cur in unit
Qvrs in the study area. Fur ther more, our anal y sis as sum ing
groundwa ter at the ground sur face in di cates that unit Qvrs is
sus cep ti ble to liq ue fac tion in ar eas of shal low ground wa ter.
We con ser va tively choose to as sign unit Qvrs a low to mod er -
ate liq ue fac tion sus cep ti bil ity rat ing based on the re sults of the
anal y ses for both ground wa ter con di tions, the his tor i cal oc cur -
rence of liq ue fac tion at site 12 and within de pos its of unit Qvrs

out side of the study area, and the haz ard rat ing given to unit
Qvrs in other ar eas of the Puget Sound re gion (Palmer and oth -
ers, 1995, 1999, 2002). Fi nally, we note that the liq ue fac tion
sus cep ti bil ity of unit Qvrs may be sub stan tially in creased in ar -
eas of poorly en gi neered grad ing and fill.

HOLOCENE LANDSLIDE AND BEACH DEPOSITS

None of the bor ings com piled for this study pen e trated Ho lo -
cene land slide or beach de pos its, and no quan ti ta tive anal y sis
of the liq ue fac tion sus cep ti bil ity of these geo logic units could
be per formed. We as sign these de pos its a low to mod er ate haz -
ard based on pre vi ous liq ue fac tion sus cep ti bil ity as sess ments
made in Palmer and oth ers (1995, 2002) and Grant and oth ers
(1998) where lim ited geotechnical bor ing data was avail able
for these geo logic units.

OTHER PLEISTOCENE GLACIAL AND 
NONGLACIAL DEPOSITS

All Pleis to cene gla cial and nonglacial de pos its (with the ex -
cep tion of unit Qvrs) were com bined into a sin gle geo logic
group ing based on the fol low ing fac tors:

l pre dom i nance of a silty and (or) grav elly tex ture;

l sig nif i cant con sol i da tion of these units (with the
ex cep tion of units Qvrc and Qvrf) be cause of gla cial ice
loading;

l a typ i cally deep groundwater ta ble (>30 ft or 9.1 m).

All of these fac tors tend to re tard the liq ue fac tion pro cess, and
con se quently these de pos its have been found to have a very
low liq ue fac tion haz ard in pre vi ous stud ies (for ex am ple,
Grant and oth ers, 1998; Palmer and oth ers, 1999).

We an a lyzed 106 geotechnical bor ings pen e trat ing the
units com pos ing this group ing. We found that no bor ings en -
coun tered any liquefiable soil for the 0.15 g ground mo tion
sce nario us ing the ground wa ter depth mea sured at the time of
drill ing, and less than 2 per cent of the bor ings had any lique -
fiable soil for the 0.30 g sce nario. We also per formed the liq ue -
fac tion anal y sis for ground wa ter at the ground sur face in or der
to de ter mine if the typ i cally deep ground wa ter ta bles doc u -
mented in the bor ing da ta base were a sig nif i cant fac tor in in -
hib it ing liq ue fac tion. For ground wa ter at the ground sur face,
less than 1 per cent of the bor ings con tain liquefiable soil for
the 0.15 g sce nario, and only 0.4 per cent of the bor ings con tain
more than a 25 per cent ag gre gate thick ness of liquefiable soil
for the 0.30 g sce nario. This cor re sponds to a very low rat ing
us ing the thick ness cri te ria shown in Ta ble 3.

Only a sin gle pos si ble in stance of liq ue fac tion in these de -
pos its (site 1 in Ta ble 2) oc curred in the Puget Sound re gion
dur ing the 1949, 1965, and 2001 earth quakes, and the in ter pre -
ta tion of this in stance as a bona fide liq ue fac tion oc cur rence is

equiv o cal. Based on the re sults of our anal y sis of the geo tech -
nical bor ing data, we as sign a very low sus cep ti bil ity haz ard
rat ing to this group of geo logic units (Ta ble 4).

PEAT

Peat de pos its are in cluded as a sep a rate unit on the ac com pa ny -
ing liq ue fac tion sus cep ti bil ity map, and are com posed of or -
ganic and min eral sed i ments de pos ited dur ing the late Pleis to -
cene and Ho lo cene. Soil types oc cur ring in the mapped peat de -
pos its in clude peat, muck, silt, and clay. These de pos its are
judged to be at least 10 ft (3.0 m) thick and con se quently would 
be sig nif i cant from an en gi neer ing per spec tive. Most of the
peat de pos its shown on the ac com pa ny ing liq ue fac tion sus cep -
ti bil ity map en cir cle small ket tle lakes de vel oped on the out -
wash plain or oc cur along the mar gins of the Puyallup Val ley.
The soils com pos ing the mapped peat unit are gen er ally not
liquefiable, but may be sub ject to sig nif i cant strength loss and
both tran sient and per ma nent ver ti cal and lat eral dis place ment
caused by ground shak ing. The col lapse of the Struve Slough
bridges in Cal i for nia dur ing the 1989 Loma Prieta earth quake,
caused by se vere tilt ing of the sup port col umns, pro vides an
 example of the types of ground de for ma tion that can oc cur in
peaty soils (Chieruzzi and oth ers, 1990; Buckle and oth ers,
1990). Also, sand lay ers interbedded within the peat de pos its
may be liquefiable.

ACKNOWLEDGMENTS

We wish to ac knowl edge the fol low ing in di vid u als for their
con tri bu tion to this study: Darrell Sofield (GeoEngineers, Inc.) 
for his ae rial photo in ter pre ta tion of riverine geomorphic fea -
tures as so ci ated with the Puyallup River and Wapato Creek
shown on the at tached liq ue fac tion sus cep ti bil ity map; Brian
Ev ans and Sammantha Magsino (Wash. Di vi sion of Ge ol ogy
and Earth Re sources) for their valu able as sis tance at var i ous
stages through out this study; Steve Gurr (City of Au burn
Build ing Di vi sion) for pro vid ing geotechnical bor ing data
and re view com ments; and Barbara Berg man (prin ci pal, Twin
Lakes El e men tary School) for al low ing ac cess to her school
grounds to drill two geotechnical bor ings. We ap pre ci ate the
re view com ments pro vided by Tim Walsh (Wash. Di vi sion of
Ge ol ogy and Earth Re sources), Tim Rob erts (Zip per Zeeman
As so ci ates, Inc.), and Steve Gurr (City of Au burn).

REFERENCES CITED

Amer i can So ci ety of Civil En gi neers, Se at tle Sec tion; Uni ver sity of
Wash ing ton De part ment of Civil En gi neer ing, 1995, Sem i -
nar—In situ test ing for seis mic eval u a tion, May 6, 1995: Amer i -
can So ci ety of Civil En gi neers, Se at tle Sec tion; Uni ver sity of
Wash ing ton De part ment of Civil En gi neer ing, 1 v.

Amer i can So ci ety for Test ing and Ma te ri als, 1999a, D 1586-98, Stan -
dard test method for pen e tra tion test and split-bar rel sam pling
of soils. In Amer i can So ci ety for Test ing and Ma te ri als, An nual
book of ASTM stan dards, v. 04.08, Soil and rock—Di men -
sion stone, geosynthetics: Amer i can So ci ety for Test ing and
Materials, p. 138-142.

Amer i can So ci ety for Test ing and Ma te ri als, 1999b, D 2487-98, Stan -
dard test prac tice for clas si fi ca tion of soils for en gi neer ing pur -
poses. In Amer i can So ci ety for Test ing and Ma te ri als, An nual
book of ASTM stan dards, v. 04.08, Soil and rock—Di men sion
stone, geosynthetics: Amer i can So ci ety for Test ing and
Materials, p. 220-230.

LIQ UE FAC TION SUS CEP TI BIL ITY OF THE GREATER TA COMA UR BAN AREA, WASH ING TON  9



Arulanandan, K.; Yogachanran, C.; Meegoda, N. J.; Liu Ying; Shi
Zhauji, 1986, Com par i son of SPT, CPT, SV and elec tri cal meth -
ods of eval u at ing earth quake in duced liq ue fac tion sus cep ti bil ity
in Ying Kou City dur ing Haicheng earth quake. In Clemence,
S. P., ed i tor, Pro ceed ings of In Situ ’86, a spe cialty con fer -
ence—Use of in situ tests in geotechnical en gi neer ing: Amer i can
So ci ety of Civil En gi neers Geotechnical Spe cial Pub li ca tion 6,
p. 389-415.

Atwater, B. F., 1987, Ev i dence for great Ho lo cene earth quakes along
the outer coast of Wash ing ton State: Sci ence, v. 236, no. 4804,
p. 942-944.

Atwater, B. F.; Nel son, A. R.; Clague, J. J.; Carver, G. A.; Yama -
guchi, D. K.; Bobrowsky, P. T.; Bour geois, Jo anne; Palmer, S. P.;
and oth ers, 1995, Sum mary of coastal geo logic ev i dence for past
great earth quakes at the Cascadia subduction zone: Earth quake
Spec tra, v. 11, no. 1, p. 1-18.

Audemard, A. F.; de Santis, Feliciano, 1991, Sur vey of liq ue fac tion
struc tures in duced by re cent mod er ate earth quakes: Bul le tin of
the In ter na tional As so ci a tion of En gi neer ing Ge ol ogy, no. 44,
p. 5-16.

Bennett, M. J., 1989, Liq ue fac tion anal y sis of the 1971 ground fail ure
at the San Fernando Val ley Ju ve nile Hall, Cal i for nia: As so ci a tion 
of En gi neer ing Ge ol o gists Bul le tin, v. 26, no. 2, p. 209-226.

Boulanger, R. W.; Meyers, M. W.; Mejia, L. H.; Idriss, I. M., 1998,
Be hav ior of a fine-grained soil dur ing the Loma Prieta earth -
quake: Ca na dian Geotechnical Jour nal, v. 35, no. 1, p. 146-158.

Brocher, T. M.; Par sons, T. E.; Blakely, R. J.; Christensen, N. I.;
Fisher, M. A.; Wells, R. E.; SHIPS Work ing Group, 2001, Up per
crustal struc ture in Puget Low land, Wash ing ton—Re sults from
the 1998 Seis mic Haz ards In ves ti ga tions in Puget Sound: Jour nal
of Geo phys i cal Re search, v. 106, no. B7, p. 13,541-13,564.

Buckle, I. G.; Goodson, Mary, co or di na tors; and oth ers, 1990, Bridge
struc tures. In Benuska, Lee, ed i tor, Loma Prieta earth quake re -
con nais sance re port: Earth quake Spec tra, v. 6, Sup ple ment,
p. 151-187.

Chieruzzi, Rob ert; Lew, Mar shall, co or di na tors; and oth ers, 1990,
Geotechnical as pects. In Benuska, Lee, ed i tor, Loma Prieta earth -
quake re con nais sance re port: Earth quake Spec tra, v. 6, Sup ple -
ment, p. 81-125.

Chleborad, A. F., 1994, Mod el ing and anal y sis of the 1949 Nar rows
land slide, Ta coma, Wash ing ton: As so ci a tion of En gi neer ing Ge -
ol o gists Bul le tin, v. 31, no. 3, p. 305-327.

Chleborad, A. F.; Schuster, R. L., 1998, Ground fail ure as so ci ated
with the Puget Sound re gion earth quakes of April 13, 1949, and
April 29, 1965. In Rog ers, A. M.; Walsh, T. J.; Kockelman, W. J.;
Priest, G. R., ed i tors, As sess ing earth quake haz ards and re duc ing
risk in the Pa cific North west: U.S. Geo log i cal Sur vey Pro fes -
sional Pa per 1560, v. 2, p. 373-440.

Cohee, B. P.; Somerville, P. G.; Abrahamson, N. A., 1991, Sim u lated
ground mo tions for hy poth e sized Mw = 8 subduction earth quakes
in Wash ing ton and Or e gon: Seis mo log i cal So ci ety of Amer ica
Bul le tin, v. 81, no. 1, p. 28-56.

Dupré, W. R.; Tinsley, J. C., III, 1998, Eval u a tion of liq ue fac -
tion-haz ard map ping in the Monterey Bay re gion, cen tral Cal i for -
nia. In Holzer, T. L., ed i tor, The Loma Prieta, Cal i for nia, earth -
quake of Oc to ber 17, 1989—Liq ue fac tion: U.S. Geo log i cal Sur -
vey Pro fes sional Paper 1551-B, p. B273-B285.

Dewey, J. W.; Hop per, M. G.; Wald, D. J.; Quitoriano, Vin cent;
 Adams, E. R., 2002, In ten sity dis tri bu tion and isoseismal maps
for the Nisqually, Wash ing ton, earth quake of 28 Feb ru ary 2001:
U.S. Geo log i cal Sur vey Open-File Re port 02-346, 57 p.

EERI, 2001, Earth quake in Nisqually, Wash ing ton, Feb 28, 2001:
Earth quake En gi neer ing Re search In sti tute. [Ac cessed on May
29, 2003 at http://www.eeri.org/earthquakes/earthquakes.html]

Frankel, A. D.; Mueller, C. S.; Barnhard, T. P.; Perkins, D. M.;
Leyendecker, E. V.; Dickman, Nancy; Hanson, S. L.; Hop per, M.
G., 1996, Na tional seis mic haz ard maps—Doc u men ta tion June
1996: U.S. Geo log i cal Sur vey Open-file Re port 96-532, 110 p.

Gower, H. D.; Yount, J. C.; Crosson, R. S., 1985, Seismotectonic map
of the Puget Sound re gion, Wash ing ton: U.S. Geo log i cal Sur vey
Mis cel la neous In ves ti ga tions Se ries Map I-1613, 1 sheet, scale
1:250,000, with 15 p. text.

Grant, W. P.; Perkins, W. J.; Youd, T. L., 1998, Eval u a tion of liq ue -
fac tion po ten tial in Se at tle, Wash ing ton. In Rog ers, A. M.; Walsh, 
T. J.; Kockelman, W. J.; Priest, G. R., ed i tors, As sess ing earth -
quake haz ards and re duc ing risk in the Pa cific North west: U.S.
Geo log i cal Sur vey Pro fes sional Pa per 1560, v. 2, p. 441-473,
1 plate.

Jacoby, G. C.; Wil liams, P. L.; Buckley, B. M., 1992, Tree ring cor re -
la tion be tween pre his toric land slides and abrupt tec tonic events
in Se at tle, Wash ing ton: Sci ence, v. 258, no. 5088, p. 1621-1623.

Murphy, L. M.; Ulrich, F. P., 1951, United States earth quakes 1949:
U.S. Coast and Geo detic Sur vey Se rial 748, 84 p.

Palmer, S. P. 1995, Liq ue fac tion anal y sis of soil de pos its found in the
Sum ner quad ran gle. In Dragovich, J. D.; Pringle, P. T., 1995, Liq -
ue fac tion sus cep ti bil ity for the Sum ner 7.5-min ute quad ran gle,
Wash ing ton: Wash ing ton Di vi sion of Ge ol ogy and Earth Re -
sources Geo logic Map GM-44, 1 sheet, scale 1:24,000, with 26 p.
text.

Palmer, S. P.; Ev ans, B. D.; Schasse, H. W., 2002, Liq ue fac tion sus -
cep ti bil ity of the Greater Eastside area, King County, Wash ing -
ton: Wash ing ton Di vi sion of Ge ol ogy and Earth Re sources Geo -
logic Map GM-48, 1 sheet, scale 1:36,000, with 14 p. text.

Palmer, S. P.; Mo ses, L. J., 1996, Ground fail ures caused by the Rob -
in son Point earth quake, south ern Puget Sound re gion, Wash ing -
ton [ab stract]: Geo log i cal So ci ety of Amer ica Ab stracts with Pro -
grams, v. 28, no. 5, p. 98.

Palmer, S. P.; Schasse, H. W.; Nor man, D. K., 1994, Liq ue fac tion sus -
cep ti bil ity for the Des Moines and Renton 7.5-min ute quad ran -
gles, Wash ing ton: Wash ing ton Di vi sion of Ge ol ogy and Earth
Re sources Geo logic Map GM-41, 2 sheets, scale 1:24,000, with
15 p. text.

Palmer, S. P.; Walsh, T. J.; Gerstel, W. J., 1999, Geo logic fo lio of the
Olym pia–Lacey–Tumwater ur ban area, Wash ing ton—Liq ue fac -
tion sus cep ti bil ity map: Wash ing ton Di vi sion of Ge ol ogy and
Earth Re sources Geo logic Map GM-47, 1 sheet, scale 1:48,000,
with 16 p. text.

Palmer, S. P.; Walsh, T. J.; Lo gan, R. L.; Gerstel, W. J., 1995, Liq ue -
fac tion sus cep ti bil ity for the Au burn and Pov erty Bay 7.5-min ute
quad ran gles, Wash ing ton: Wash ing ton Di vi sion of Ge ol ogy and
Earth Re sources Geo logic Map GM-43, 2 sheets, scale 1:24,000,
with 15 p. text.

Prakash, S.; Sandoval, J. A., 1992, Liq ue fac tion of low plas tic ity
silts: Soil Dy nam ics and Earth quake En gi neer ing, v. 11, no. 7,
p. 373-379.

Rob erts, E. B.; Ulrich, F. P., 1951, Seis mo log i cal ac tiv i ties of the
U.S. Coast and Geo detic Sur vey in 1949: Seis mo log i cal So ci ety
of Amer ica Bul le tin, v. 41, no. 3, p. 205-220.

Seed, H. B.; Idriss, I. M., 1971, Sim pli fied pro ce dure for eval u at ing
soil liq ue fac tion po ten tial: Jour nal of the Soil Me chan ics and
Foun da tions Di vi sion, v. 97, no. 9, p. 1249-1273.

Seed, H. B.; Idriss, I. M.; Arango, I., 1983, Eval u a tion of liq ue fac tion
po ten tial us ing field per for mance data: Jour nal of Geotechnical
En gi neer ing, v. 109, no. 3, p. 458-482.

10  GEO LOGIC MAP GM-51

http://www.eeri.org/earthquakes/earthquakes.html


Seed, H. B.; Tokimatsu, K.; Harder, L. F.; Chung, R. M., 1985, In flu -
ence of SPT pro ce dures in soil liq ue fac tion re sis tance eval u a -
tions: Jour nal of Geotechnical En gi neer ing, v. 111, no. 12,
p. 1425-1445.

Shan non & Wil son, Inc. [Grant, W. P., prin ci pal in ves ti ga tor], 1993,
Eval u a tion of liq ue fac tion po ten tial Ta coma, Wash ing ton; Fi nal
tech ni cal re port: Shan non & Wil son, Inc. [un der con tract to U.S.
Geo log i cal Sur vey], 1 v.

Sherrod, B. L.; Brocher, T. M.; Bucknam, R. C., 2002, Asyn chron ous
land-level change along the Ta coma fault in A.D. 800–1200 [ab -
stract]: Seis mo log i cal Re search Let ters, v. 73, no. 2, p. 240.

Shulene, J. A., 1990, Ev i dence of liq ue fac tion in the Puyallup val ley:
Wash ing ton Geo logic News let ter, v. 18, no. 2, p. 15-16.

Silva, W. J.; Wong, I. G.; Darragh, R. D., 1998, En gi neer ing char ac -
ter iza tion of strong ground mo tions in the Pa cific North west. In
Rog ers, A. M.; Walsh, T. J.; Kockelman, W. J.; Priest, G. R., ed i -
tors, As sess ing earth quake haz ards and re duc ing risk in the Pa -
cific North west: U.S. Geo log i cal Sur vey Pro fes sional Pa per
1560, v. 2, p. 313-324.

Smith, Mackey, 1977, Geo logic map of the City of Ta coma, Pierce
County, Wash ing ton: Wash ing ton Di vi sion of Ge ol ogy and Earth
Re sources Open-file Re port 77-9, 1 sheet, scale 1:24,000.

Snyder, D. E.; Gale, P. S.; Pringle, R. F., 1973, Soil sur vey of King
County area, Wash ing ton: U.S. Soil Con ser va tion Ser vice, 100 p., 
22 plates, 1:24,000 scale. 

Troost, K. G., in press a, Geo logic map of the Puyallup 7.5-min ute
quad ran gle, Wash ing ton: U.S. Geo log i cal Sur vey Mis cel la neous
Field Stud ies Map, scale 1:24,000.

Troost, K. G., in press b, Geo logic map of the Ta coma South 7.5-min -
ute quad ran gle, Wash ing ton: U.S. Geo log i cal Sur vey Mis cel la -
neous Field Stud ies Map, scale 1:24,000.

Troost, K. G.; Booth, D. B., in press, Geo logic map of the Steilacoom
7.5-min ute quad ran gle, Wash ing ton: U.S. Geo log i cal Sur vey
Mis cel la neous Field Stud ies Map, scale 1:24,000.

Troost, K. G.; Booth, D. B.; Borden, R. K., in press, Geo logic map of
the Ta coma North 7.5-min ute quad ran gle, Wash ing ton: U.S. Geo -
log i cal Sur vey Mis cel la neous Field Stud ies Map, scale 1:24,000.

Vessely, D. A.; Reimer, Mi chael; Arango, Ignacio, 1996, Liq ue fac -
tion sus cep ti bil ity of soft al lu vial silts in the Willamette Val ley:
Or e gon Ge ol ogy, v. 58, no. 6, p. 142-145.

von Hake, C. A.; Cloud, W. K., 1967, United States earth quakes 1965: 
U.S. Coast and Geo detic Sur vey, 91 p.

Walters, K. L.; Kimmel, G. E., 1968, Ground-wa ter oc cur rence
and stra tig ra phy of un con sol i dated de pos its, cen tral Pierce
County, Wash ing ton: Wash ing ton De part ment of Wa ter Re -
sources  Water-Supply Bul le tin 22, 428 p., 3 plates.

Weaver, C. S.; Shedlock, K. M., 1996, Es ti mates of seis mic source re -
gions from the earth quake dis tri bu tion and re gional tec ton ics in
the Pa cific North west. In  Rog ers, A. M.; Walsh, T. J.;
Kockelman, W. J.; Priest, G. R., ed i tors, As sess ing earth quake
haz ards and re duc ing risk in the Pa cific North west: U.S. Geo log i -
cal Sur vey Pro fes sional Pa per 1560, v. 1, p. 285-306.

Youd, T. L.; Idriss, I. M., and oth ers, 1997, Sum mary re port. In Youd,
T. L.; Idriss, I. M., ed i tors, Pro ceed ings of the NCEER work shop
on eval u a tion of liq ue fac tion re sis tance of soils: Na tional Cen -
ter for Earth quake En gi neer ing Re search Tech ni cal Re port
NCEER-97-0022, p.1-40.

Youd, T. L.; No ble, S. K, 1997, Mag ni tude scal ing fac tors. In Youd,
T. L.; Idriss, I. M., ed i tors, Pro ceed ings of the NCEER work shop
on eval u a tion of liq ue fac tion re sis tance of soils: Na tional Cen ter
for Earth quake En gi neer ing Re search Tech ni cal Re port
NCEER-97-0022, p.149-165.

Zulauf, A. S., 1979, Soil sur vey of Pierce County area, Wash ing ton:
U.S. Soil Con ser va tion Ser vice, 131 p. n

LIQ UE FAC TION SUS CEP TI BIL ITY OF THE GREATER TA COMA UR BAN AREA, WASH ING TON  11






