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. Karst:

+ Landscape developed by the
dissolution of sediment and rocks.
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“Eogenetic” karst:
« youngest karst (55mya)

' « Extensive primary porosity
« “undisturbed” overburden

7 Key

%////// Basalt aquifers
7///////% Carbonate aquifers
- Carbonate karst
- Evaporite karst

- Volcanic pseudokarst

»

v/ Provides clean drinking water to the state.
X Creates a landscape vulnerable to sinkholes. -
Photo: Kirill Egoro (KUR) o

Karst Water’s Institute: After Weary and Doctor (2014)  Upchurch et al. 2019: Karst Systems of Florida
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Geological Setting

Central Florida
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Head different
between aquifers

Orlando ~ 30ft
(Wilson and Beck 1992)
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Orlando ~ 30ft
(Wilson and Beck 1992)
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Sinkholes: in the media ... and behind the scenes

Note the_back round

2002 Pifie Hills (GEC)

1962 Debary (FGS state archlves)

2004 Deltona FD.V <l Hernando County (photo:» Sém Upchurch)




Image Date: 2011
Northern Lake County

@ Reported Sinkhole (FGS)

Q Karst Spring (FWC)

’,’f‘v‘; Apparent Region of
-} Karst Topography
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Karst Terrain - Wekiva Parkway — Section 4
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Image Date: 2015
Northern Lake County
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“Assessment” Components

Sinkhole contributing factors: (Upchurch 2019)

» Cover Material

A 4

Engineer

» Aquifer Potentials
» Rainfall

» Human Activities

Geologist

» Internal erosion (raveling) development ‘

During typical subsurface investigation in karst:
* |dentify raveled (disturbed) soils
e Characterize the raveling severity
e Quantify the vulnerability to sinkhole

Objective:
Develop Subsurface characterization tools
for better decision making in Florida’s karst

UNF



Geotech’s “TLA” Subsurface Investigation Techniques
TLA = Three Letter Acronym

TSC Full Flow Penetrometers
SPTT

MPT
RapSochs
RCPTu l ‘L b DMTa
PV TBP‘I’BPT 4 PBPT SCPMTU
CPTI CPTU
U e PPT g PLT
HPT

BST CcPT
sbmT T HBPT

il

DEPPT
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Courtesy of Dr. Paul Mayne UNF
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Cone Penetration Test (CPT)

ASTM D5778-12

Ryan.shamet@unf.edu

Depth (m)
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SPT performed ~3m NE of sinkhole

N-Value (blows/ft)

0

5 10 15 20 uUsCs

WH/WR
conditions

EZZum
SP

SM
&
SC

SM

ML
raveled

WLS

0 A

10
15 1
20 1
25
30 1
35 -
40
45 -
50 A

5

0

q. (MPa)

5

10 15 20 O 1

f. (kPa) R (%)

CPT performed ~0.5m from Boring B-1

2202 4 6 8

Cone penetration test (CPT):
Standard penetration test (SPT): 2.5 ft

0.16 ft

Important for ground verification

[60ft ~ > 1 hr]
[60ft ~ half day]
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Cone Penetration Test (CPT) Soil behavior

identification

Soil Behavior correlation = Software (Geologiskimi CPeT)

Norm. cone resistance Norm, friction ratio SBTn Index

e

SBTn plot
1,000

100

mmmmmmmmmm

ssssss

10

MNormalized Cone Resistance, Qtn

1
MNormalized Friction Ratio, Fr (%)

wwwwww

10 12 14 16 18
* setn (Rbrts , 1990)

] .'ID DD SD 200 250 EDD 350 400
Qtn

* CPT Soil Behavior Type (SBT) charts are not accurate in karst topography

e Schmertmann (1978) and Sowers (1996) conclude karst terrain often \
follows “inverse soil profile” \

Ryan.shamet@unf.edu UNF



Cone Penetration Test (CPT) Geo-hazard

vulnerability

 Liguefaction Potential Indexing (LPI)

1.0 1 —— e
0.8
>
= 06 #=079
3
CPT Tip Resistance (MPa) 20m CSS ﬂQ_ 0.4
0 5 10 15 20 25 30 LPI = f (1—)*W(z)dz 0.2
] T T T T r L
Where: 0
CPT Tip 0.0 04
216 [mmm LPLMy=7.3PGA=04 g €SS = Cyclic Shear Strength 30
mmm——. LPL My=6.6 PGA=0.28 g L = Dynamic Load induced LPI LPI
W(z)=10-0.5*(depth in m) (a) All (b) Monterey Bay
From: Iwataska et al. 1978 1.0 —— 8060500880808 _
E N 100 o 081
£ 5 g £os F=083| £ # =0.93
[ 80 © E= el
(=) ' .5 = E _g
c s € 04 8
2 s 8 a a
] === No Liguefaction d 0.2
b mm Liquefaction 40 9
5 —— Liguetaction £ 0.0 ! ‘
' — - No Liquefaction 20 3 0 10 20 30 0 10 20 30
E E LPI LPI
z ] 0 o (¢) Imperial Valley (d) San Fernando Valley
20 012 3 4 5 6 7 8 9 10111213 14 156>15
LPI Toprak and Holzer (2003):
From Toprak and Holzer 2003 o 5 EQ
s 27 sites
. 314 CPTs

* 156 = Liquefied

158 = NO liquefaction UNF



CPT-Based Sinkhole Assessment
GOAL:

Subsurface characterization for

v’ Fast(er)
4< e v" Near continuous data
= _

v’ Repeatable and reliable LR
v’ less “dynamic” '

Point-based Site-based |:> Regional
identification characterization comparison
1. CPT-based raveling chart 2. Vulnerability quantification from CPT

-Raveling Index
-Sinkhole Resistance Ratio
-Empirical indices




The Database

49 |ocations 237 cPTS

Data Criteria: S L \ Lol

 Verified karst sinkhole activity S
 Internal erosion identified at

limestone/solil interface (nearby SPT)

/ o

« Collapse mechanism observed
«  Cover collapse vs. solution vs. subsidence

@ Sinkhole study site

y TrUStworthy CPT data O Reported sinkhole incident
° Detal Ied tEStI ng |ay0ut (Florida Geological Survey 2020)
« Apparent calibration of CPT

km
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The Database (example)
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The Database (CPT categorizing)

CRASS MEDIAN 49 Project Sites
RIS e o T
> L o
e =5 | “EDGE” | 60
TRAVELLANE I © “OUT” 76
o ==
CPT-1 (OUT)
SHOULDER Assumlng:
ot a0 scale » Distance « Disturbance
» Closer to center of sinkhole is more
“INSIDE” = Most Vulnerable conditions representative of severe conditions.
EBCTSE_-L Ul cbc?ndltlog_st_ « Subsurface conditions <2 m from
— Least vuinerabie conditions observed sinkhole still effected by

internal erosion.
e >2m: less disturbed



CPT-based Raveling Chart

From database: What is CPT resistance criteria for raveled soil?

\/ “SBT-style” chart to identify depths experiencing raveling when investigating in karst.

x Detect sinkhole activity universally in any geological conditions.

Methodology:

Data correction |:> categorization IZ> filtering

N

_ <j Severity contours <j Statistical criteria

Provide a standard method to identify depths of
potential internal erosion




CPT-based Raveling Chart
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1. CPT-based Raveling Chart

Generalized chart:

qc — 0y

Corrected Tip resistance,

100 1

Oy

10 1

0.1

Probability that encountered resistance value is from most
critical (raveled “inside”) data set

None

z)a\\as J

Line (1)

(1): Q=12
(2): Q,=0.0015(f,)+*2
75%
0 II2IO I4IOIII6IOI I8I0III1(I)OI I120
sleeve friction, f; (kPa)

probability of encountered behavior

Zone critical raveling® raveling
Severe > 75% 100%
Moderate 50 - 75% 95%
Mild <50% 95%
None <1% <5%

(a) Ravel “inside”

100

100

100

10 A

Q.

*within collapsed feature

(c) Non-raveled

(0] 50

100
fs (kPa)



CPT-based Raveling Chart — Example

Application

Provides a standard to identify depths which soil exhibits similar resistance values to
those found in sinkhole active sites.

Identify most-critical depths more precisely when compared to SPT.
Applicable in central Florida when investigating in a karst landscape

f. (kPa) Severity Zone Q: f; (kPa) N-value (blows/ft)
0O 20 40 60 80 100 ABC O 50 100 0 100 200 300 0 20 40 60
100 Lo ! o L - 0 1 —— I I ) L 1 1 1 SN tu_u_u_u_u_‘_: 0
e, ST . L
9 > O o < C
Cto o o L
° oo Oooc?ooo 5] gg .- - 5
10 {2 ERaen @ ° C
0 &° o _ 107 - o - 10
0 £ 5] o<
o = h. -. :
g 1 s 2 15 o = > | - 152
(e 8 8 ‘ < o =
0% o wd ° '§
¥ 20:O 8 gg o - 20
01§ 18 3g |8
o 25 ] e E<Z( : . 25
JiLs 1 Ok
i CPT-1 1o B Al
0.01 30 - C 30




Assessment Indices (practical)

Raveling Index (RI): Simple comparison index to assess the progression
of internal erosion encountered. (Foshee and Bixler 1994)

travel

RI =

tOVGI'

Raveling Index (RI)

e Quantifiable!
e Associated with risk assessment
* Comparison over time

Updates to the Raveling index to include:

v Encountered soil resistance
v Depth of encountered raveling and
potential ground-surface collapse

Rvan.shamet@unf.edu UNF




Assessment Indices (theoretical)

Raveling Index (RI): Simple comparison index to assess the progression
of internal erosion encountered. (Foshee and Bixler 1994)

R[ = Lravel KSinkhole Resistance Ratio: \
t _ _
over SRR = (tover) y (qtover + qtravel)
« Quantifiable! travel 100 * 0y(raven
« Associated with risk assessment [stress: tsf]
* Comparison over time * Theoretically-based
Updates to the Raveling index to include: > lmeivelng 5|r1khole g Gell
factors obtained from CPT
v" Encountered soil resistance * Still can be quickly calculated for
v Depth of encountered raveling and \ each CPT /

potential ground-surface collapse

Nam, Shamet, Soliman, Wang, and Yun (2019) “Development of a Sinkhole Risk Evaluation Program.” Technical Report. Florida
Department of Transportation No. 166 BDV24-977-174 UNF



Assessment Indices (theoretical)

\
Sinkhole Resistance Ratio: Cone rig with
hydraulic pushing system
= = e 9 (Mpa)
SRR = Lover N Atover T Atravel /r?_-a 0 0 20 30
travel 100 * o, I 7 : i ]
v(rave ) 2cm/s 1 1 -
. J L = 27 | toper = 6.0m
2 ] i_ | Goper = 10.5 MPa
E 4 ; I ,
Where: il £ i § | o/,, = 80.08 kPa
t.ver = thickness of non-raveled soll 8 61 l vy
t..vel = thickness of raveled soil A » ]
dtover = @VErage cone tip resistance of Sy 1 8 ]
non-raveled soil e e — | t,.=675m
_ _ fi it 10 3 Graver = 0.5 MPa
t,qve] = AVEIrage cone tip resistance ]
of raveled soil 12 1
a",(,,a,,el) = effective stress at top of raveling ] +
14 i

Nam, Shamet, Soliman, Wang, and Yun (2019) “Development of a Sinkhole Risk Evaluation Program.” Technical Report. Florida
Department of Transportation No. 166 BDV24-977-174 UNF



Vulnerability Quantification - Example

SRR =

tover " Qravel + Qover

travel 100 x o)

v(top of rav)

Test location

CPT-3

CPT-2

CPT-7

CPT-6

CPT-4

2.48

CPT-5

3.17

CPT-8

3.45

CPT-1A

Ryan.shamet@unf.edu
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Subsurface Parameters

Cone rig with
hydraulic pushing system

] qc (Mpa)
=~ B 0 10 20 30

0 +——Ft———"—+—

Py ] I
llZCm/s ] {{/
< 2 _ tover = 6.0 m

Jover = 10.5 MPa

‘ Depth(m)

travel =6.75m
Graver = 0.5 MPa

10

gj_ c;vif 510.08 kPa

CPTs categorized

GRASS MEDIAN

APPROXIMATE AREA OF
DEPRESSION

(max. ~9 cm)

TRAVEL LANE

o' TRAVELLANE
CPT-2 o w=p
(EDGE)  CPT-1(OUT)

SHOULDER

*not drawn to scale

averaged values

12 ]

14-llll.llll=llll=||||

Data Driven index for certain

#CPTS | toer (M) | traver (M) | 0" (KPB) | Gover (MPa) | Grave: (MPa)
“IN” 23 8.9 13.0 125.4 3.9 0.8

61 13.1 6.8 159.7 7.3 1.7
“ouT” 71 14.5 4.5 148.9 8.8 1.9

geologic conditions?

UNF



Empirically-based index

Database of CPTs in Karst

o

Assign initial severity value (V1)

e Inside=7 _
higher #

CPT parameter correlation to
initial severity (Pearson coeff.)

~

...............................................

Set equation type for
new index (Vlg or Vlig)
and set coefficients.

- Edge=5

e Out=1 more severe

Determine Resistance and Geometry
Variable

* Resistance: f(q,) 2 VARg

«  Geometry: f(thickness) > VARg

Example:

VI, = a* (VARR)? + ¢

:

Iterate to find constants which
minimizes error between initial
severity value (blind) and new
index (with CPT parameters)

Find:a,b,c - X (VI, —VIz)* = 0

) >
7 gy/
6 - IR'Io //,,
Initial5 1 L’ °
(1) 47 d
3 A L
2 -
1 P COIIEOAXDCO
O 1 1 1 1

0 1 2 3 456 7 8
Testindex (I or Ig)

New Index Value relating
severity and CPT parameters
following equation format.

Plot Vig vs. VIg.
Statistically determine “critical”
conditions using contouring.




Empirically-based index [

17 VI, =ax log[(VAR )b] +c —
Soil Resistance Geometrv
1 t
VARR — VARG _ ravel
Qravel + Qover ttotal
R I
Solve for: a, b, c
_________________________ e
a=5.19 a=5.49
b =1.37 b=1.20
c=17.25 Cc =6.98
___________________________________ |

| 1
VI, = 5.1910
. 8 [(%‘avel + CIover>

____________________________________________________________________________________________________________________________________



Vulnerability Indices (comparison)

t tover Gover T Qravel 1 1.37 t 1 1.20
Rl: [ revel SRR: ( ) * < - ) Empirical: 5.19]log (—> + 5.49log <ﬂ> +24.23
tover travel 100 * oy, Gravel t Qover total
Raveling Index Sinkhole Resistance Ratio Empirical (Vig + Vig)
] ] ] 8

1.07 ! D I I o I 1 Most vulnerable

091 .
s 087 ° . IN & EDGE —»
& : |
N i Ll EDGE & OUT
E 0.7 ™ o
5 067 g . Vi |
£
s 057 « 5 |
3 T \
@ 4 (-]
2 0.4 - Tteast vulriderable \
g 037 ° : 1 0+t
T o027t . X o 0 2 4 6 8 10

' ° 1 Vi,
0.1t o .
0.0
Il “IN” (30 CPTs) [ “EDGE” (60 CPTs) [T] “OUT” (76 CPTs)




Vulnerability Quantification

Tested suitability of indices to quantify relative vulnerability to sinkhole conditions

from database (n = 237).
Statistically determined critical values from PDF intersections

Raveling index (RI):

v Quick Calculation : nime 2

% Lacks consideration of soil strength Raveling Index  pagiomrore ot g *
low <05 >2.0 <64

Sinkhole Resistance Ratio (SRR):
v Relatively quick calculation medium | 0.5-1.0
% Theoretically based, not trained on data.

NV | >10 <075 >875

2-0.75 6.4-8.75

*When bedrock is

Empirically updated, SRR (Vl; + VIs): encountered 10m
v' Statistically optimized for CPT-obtained soil parameters
% Requires most computation effort, only

applicable for central Florida geological conditions

Still completing database and statistically training equation with

various geologic conditions and anticipated sinkhole types



Recommendations & Observations

When using CPTs in karst:

* Proper calibration of penetrometer is imperative.

* Use 10 cm? penetrometer with piezocone behind tip (u,)
* Always correct for pwp (g, = q,):

Best way to distinguish between loose raveled sands and soft non-disturbed clays

When using CPT-based raveling chart:

* Only applicable in karst landscapes.

* Note changes in hydraulic pressure in CPT push ram.

* Always use when nearby SPTs can verify stratification:
loose sands and weathered limestone.

When using Vulnerability Indexing:

* Choose index best suited for associated risk of project and geologic condition.
quick grouting vs. design-build project

e Perform and compare index values over time estimate rate of raveling.







SRR (theoretical) vs. Empirical Index

SRR Ip+1g
7.0 16.0
60 14.0
12.0
5.0
10.0
4.0
8.0
3.0
6.0
2.0 4.0
1.0 2.0
0.0 i ; 0.0 f f f

ouT INSIDE

INSIDE  EDGE EDGE

v Clearer distinction between categories

v Normal distribution of values
¥ Requires additional analysis
® Specific geological conditions

Ryan.shamet@unf.edu
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Cone Penetration Test (CPT)

ASTM D5778-12

i
Qc 00 Fs 00 Uz 00 INCL 0.0 INTERFACE
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= < | \ DEPTH 9585 ¢
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P 4L ‘
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L L — d Reset Cormms
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controlled: — DissiPATION |
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o Cone tip Resistance, q,
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Assessment Indices (theoretical)

Raveling Index (RI): Simple comparison index to assess the progression of
internal erosion encountered. (Foshee and Bixler 1994)

RI . travel Foshee and Bixler (1994):
- £ ’ . g. < 10 tsf (1 MPa) in karst = raveled
N-Value (blows/ft) over d. (MPa) d. (MPa)
0 5 10 15 20 0O 5 10 15 20 0 1 2 3 4 5 :
o o > 2y uses o o ‘ > Use of raveling chart
SP ] ==
> 57 — 1000 1
10 SM | 10 1 e '
& ] ] : : : : f |
15 15 ] S
< * [ e 100 4
E 20 —_ :
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Empirical Index Procedure — Categorical Regression
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f; (kPa) Severity Zone Q¢ f. (kPa) N-value (blows/ft)
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