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Abstract

Soil cement is a mixture of soil, portland cement, and water that is compacted and cured to
form a strong, durable pavement base. VVariances among construction practices and core strength
data have led to questions concerning proper quality control practices and strength testing protocol
for soil cement base. The major objective of this research is to develop means to reliably assess
the strength of soil cement base.

In order to develop a method to reliably assess soil cement, a laboratory testing program
and a field testing program were developed to evaluate the suitability of using the dynamic cone
penetrometer based upon ASTM D6951 (2018) and the plastic mold method to prepare cylinders
for compressive strength testing. In the laboratory, molded cylinder strength and the dynamic cone
penetrometer results were well correlated between 100 to 930 psi. The effectiveness of the dynamic
cone penetrometer was evaluated during an ongoing Alabama Department of Transportation
(ALDOT) soil cement project. The results from this research are aimed at providing guidance to
the ALDOT when specifying strength assessment parameters of soil cement base.

Based on the results of this research, the plastic mold method should be used to produce
molded cylinders on-site for compressive strength testing for quality assurance of the soil cement
mixture. If the plastic mold compressive strength is less than or greater than the ALDOT
requirement for soil cement base, then the dynamic cone penetrometer should be used to determine

the in-place strength of soil cement base.
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.1 3 days
.17 days
. 2 3 days
. 2 7 days
.13 days
.17 days
. 2 3 days
. 2 7 days
.1 3 days
.17 days
. 2 3 days

. 2 7 days
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1 3 days
17 days
2 3 days

2 7 days
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Figure G.9 Waugh 6% 3 day

Figure G.10 Waugh 6% 7 day .
Figure G.11 Waugh 8% No. 1 3 days
Figure G.12 Waugh 8% No. 1 7 days
Figure G.13 Waugh 8% No. 2 3 days
Figure G.14 Waugh 8% No. 2 7 days
Figure G.15 Waugh 10% 3 days
Figure G.16 Waugh 10% 7 days
Figure G.17 Elba5% 3 days_____ .
Figure G.18 EIba5% 7 days
Figure G.19 Elba 6.5% No. 1 3 days
Figure G.20 Elba 6.5% No. 1 7 days
Figure G.21 Elba 6.5% No. 2 3 days
Figure G.22 Elba 6.5% No. 2 7 days
Figure G.23 Elba 8% 3 days

Figure G.24 EIba8% 7 days
Figure G.25 Coarse 4% No. 1 3 days
Figure G.26 Coarse 4% No. 1 7 days
Figure G.27 Coarse 4% No. 2 3 days
Figure G.28 Coarse 4% No. 2 7 days
Figure G.29 Coarse 6% No. 1 3 days
Figure G.30 Coarse 6% No. 1 7 days

Figure G.31 Coarse 6% No. 2 3 days

XXVi

243

243

244

244

245

245

246

246

247

247

248

248

249

249

250

250

251

251

252

252

253

253

254



Figure G.32 Coarse 6% No
Figure G.33 Coarse 8% No
Figure G.34 Coarse 8% No
Figure G.35 Coarse 8% No
Figure G.36 Coarse 8% No
Figure G.37 Coarse 9% 3 d
Figure G.38 Coarse 9% 7 d
Figure H.1 Waugh 4% No.
Figure H.2 Waugh 4% No.
Figure H.3 Waugh 4% No.
Figure H.4 Waugh 4% No.
Figure H.5 Waugh 5% No.
Figure H.6 Waugh 5% No.
Figure H.7 Waugh 5% No.

Figure H.8 Waugh 5% No.

Figure H.9 Waugh 6% 3 day
Figure H.10 Waugh 6% 7 day
Figure H.11 Waugh 8% No. 1 3 days
Figure H.12 Waugh 8% No. 1 7 days
Figure H.13 Waugh 8% No. 2 3 days

Figure H.14 Waugh 8% No. 2 7 days

Figure H.15 Waugh 10% 3

Figure H.16 Waugh 10% 7

. 2 7 days

.1 3 days

.17 days

. 2 3 days

. 2 7 days

ays

ays

1 3 days

17 days

2 3 days

2 7 days

1 3 days (Third specimen was removed due to error)
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2 3 days
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Figure H.17 Elba 5% 3 days

Figure H.18 Elba 5% 7 days

Figure H.19 Elba 6.5% No. 1 3 days

Figure H.20 Elba 6.5% No. 1 7 days

Figure H.21 Elba 6.5% No. 2 3 days

Figure H.22 Elba 6.5% No. 2 7 days

Figure H.23 Elba 8% 3 days

Figure H.24 Elba 8% 7 days

Figure H.25 Coarse 4% No. 1 3 days

Figure H.26 Coarse 4% No. 1 7 days

Figure H.27 Coarse 4% No. 2 3 days

Figure H.28 Coarse 4% No. 2 7 days

Figure H.29 Coarse 6% No. 1 3 days

Figure H.30 Coarse 6% No. 1 7 days

Figure H.31 Coarse 6% No. 2 3 days

Figure H.32 Coarse 6% No. 2 7 days

Figure H.33 Coarse 8% No. 1 3 days

Figure H.34 Coarse 8% No. 1 7 days

Figure H.35 Coarse 8% No. 2 3 days

Figure H.36 Coarse 8% No. 2 7 days

Figure H.37 Coarse 9% 3 days

Figure H.38 Coarse 9% 7 days

Figure J.1 Test performed on July 9, 2019, Location 1 (top left =5 tests,
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top right = 4 tests, bottom = 3 tests)

Figure J.2 Test performed on July 10, 2019, Location 4 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure J.3 Test performed on July 10, 2019, Location 5 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure J.4 Test performed on July 10, 2019, Location 6 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure J.5 Test performed on July 16, 2019, Location 7 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure J.6 Test performed on July 16, 2019, Location 8 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure J.7 Test performed on July 16, 2019, Location 9 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure J.8 Test performed on July 16, 2019, Location 10 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure J.9 Test performed on July 16, 2019, Location 11 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure J.10 Test performed on July 16, 2019, Location 12 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure J.11 Test performed on July 16, 2019, Location 13 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests)

Figure J.12 Test performed on July 16, 2019, Location 15 (only 2 tests completed)
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Figure J.13 Test performed on July 17, 2019, Location 17 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 291

Figure J.14 Test performed on July 17, 2019, Location 18 (left = 4 tests, right = 3 tests) 292

Figure J.15 Test performed on July 17, 2019, Location 19 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 292

Figure J.16 Test performed on July 17, 2019, Location 20 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 293

Figure J.17 Test performed on July 17, 2019, Location 21 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 294
Figure J.18 Test performed on July 17, 2019, Location 22 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 295

Figure J.19 Test performed on July 18, 2019, Location 23 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 296

Figure J.20 Test performed on July 18, 2019, Location 24 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 297

Figure J.21 Test performed on July 18, 2019, Location 25 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 298

Figure J.22 Test performed on July 18, 2019, Location 28 (top left = 5 tests,

top right = 4 tests, bottom = 3 teStS) 299
Figure J.23 Test performed on July 19, 2019, Location 30 (top left = 5 tests,

top right = 4 tests, bottom = 3 teStS) 300

Figure J.24 Test performed on July 19, 2019, Location 31 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 301
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Figure J.25 Test performed on July 19, 2019, Location 32 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 302

Figure J.26 Test performed on July 19, 2019, Location 33 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 303

Figure J.27 Test performed on July 19, 2019, Location 34 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 304

Figure J.28 Test performed on July 19, 2019, Location 35 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 305

Figure J.29 Test performed on July 19, 2019, Location 36 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 306

Figure J.30 Test performed on July 23, 2019, Location 37 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 307

Figure J.31 Test performed on July 23, 2019, Location 38 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 308

Figure J.32 Test performed on July 23, 2019, Location 39 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 309

Figure J.33 Test performed on July 23, 2019, Location 40 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 310

Figure J.34 Test performed on July 23, 2019, Location 41 (only 3 tests completed) 310

Figure J.35 Test performed on July 23, 2019, Location 42 (top left = 5 tests,
top right = 4 tests, DOttOmM = B eSS ) 311

Figure J.36 Test performed on July 23, 2019, Location 43 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 312
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Figure J.37 Test performed on July 24, 2019, Location 44 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 313

Figure J.38 Test performed on July 24, 2019, Location 45 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 314

Figure J.39 Test performed on July 24, 2019, Location 46 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 315

Figure J.40 Test performed on July 24, 2019, Location 47 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 316

Figure J.41 Test performed on July 24, 2019, Location 48 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 317

Figure J.42 Test performed on July 24, 2019, Location 49 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 318

Figure J.43 Test performed on July 24, 2019, Location 50 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 319

Figure K.1 Test performed on July 9, 2019, Location 1 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 320

Figure K.2 Test performed on July 10, 2019, Location 4 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 321

Figure J.3 Test performed on July 10, 2019, Location 5 (top left = 5 tests,

top right = 4 tests, bottom = 3 teStS) 322
Figure J.4 Test performed on July 10, 2019, Location 6 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 323

Figure J.5 Test performed on July 16, 2019, Location 7 (top left = 5 tests,
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top right = 4 tests, bottom = 3 tests)

Figure J.6 Test performed on July 16, 2019, Location 8 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure J.7 Test performed on July 16, 2019, Location 9 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure J.8 Test performed on July 16, 2019, Location 10 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure J.9 Test performed on July 16, 2019, Location 11 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure J.10 Test performed on July 16, 2019, Location 12 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure J.11 Test performed on July 16, 2019, Location 13 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests)

Figure J.12 Test performed on July 16, 2019, Location 15 (only 2 tests completed)

Figure J.13 Test performed on July 17, 2019, Location 17 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests)

Figure J.14 Test performed on July 17, 2019, Location 18 (left = 4 tests, right = 3 tests)

Figure J.15 Test performed on July 17, 2019, Location 19 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure J.16 Test performed on July 17, 2019, Location 20 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)

Figure J.17 Test performed on July 17, 2019, Location 21 (top left = 5 tests,
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top right = 4 tests, bottom = 3 tests) 334

Figure J.18 Test performed on July 17, 2019, Location 22 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 335

Figure J.19 Test performed on July 18, 2019, Location 23 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 336

Figure J.20 Test performed on July 18, 2019, Location 24 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 337

Figure J.21 Test performed on July 18, 2019, Location 25 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 338

Figure J.22 Test performed on July 18, 2019, Location 28 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 339

Figure J.23 Test performed on July 19, 2019, Location 30 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 340

Figure J.24 Test performed on July 19, 2019, Location 31 (top left = 5 tests,

top right = 4 tests, bottom = 3 teStS) 341
Figure J.25 Test performed on July 19, 2019, Location 32 (top left = 5 tests,

top right = 4 tests, bottom = 3 teStS) 342
Figure J.26 Test performed on July 19, 2019, Location 33 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 343

Figure J.27 Test performed on July 19, 2019, Location 34 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 344

Figure J.28 Test performed on July 19, 2019, Location 35 (top left = 5 tests,
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top right = 4 tests, bottom = 3 tests) 345

Figure J.29 Test performed on July 19, 2019, Location 36 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 346

Figure J.30 Test performed on July 23, 2019, Location 37 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 347

Figure J.31 Test performed on July 23, 2019, Location 38 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 348

Figure J.32 Test performed on July 23, 2019, Location 39 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 349

Figure J.33 Test performed on July 23, 2019, Location 40 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 350

Figure J.34 Test performed on July 23, 2019, Location 41 (only 3 tests completed) 350

Figure J.35 Test performed on July 23, 2019, Location 42 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 351

Figure J.36 Test performed on July 23, 2019, Location 43 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 352

Figure J.37 Test performed on July 24, 2019, Location 44 (top left = 5 tests,

top right = 4 tests, bottom = 3 teStS) 353
Figure J.38 Test performed on July 24, 2019, Location 45 (top left = 5 tests,

top right = 4 tests, bottom = 3 teStS) 354

Figure J.39 Test performed on July 24, 2019, Location 46 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 355
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Figure J.40 Test performed on July 24, 2019, Location 47 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 356

Figure J.41 Test performed on July 24, 2019, Location 48 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 357

Figure J.42 Test performed on July 24, 2019, Location 49 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 358

Figure J.43 Test performed on July 24, 2019, Location 50 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 359

Figure L.1 Test performed on July 9, 2019, Location 1 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 360

Figure L.2 Test performed on July 10, 2019, Location 4 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 361

Figure L.3 Test performed on July 10, 2019, Location 5 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 362

Figure L.4 Test performed on July 10, 2019, Location 6 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 363

Figure L.5 Test performed on July 16, 2019, Location 7 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 364

Figure L.6 Test performed on July 16, 2019, Location 8 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests) 365

Figure L.7 Test performed on July 16, 2019, Location 9 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests) 366

Figure L.8 Test performed on July 16, 2019, Location 10 (top left = 5 tests,

XXXVI



top right = 4 tests, bottom = 3 tests) 367

Figure L.9 Test performed on July 16, 2019, Location 11 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 368

Figure L.10 Test performed on July 16, 2019, Location 12 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 369

Figure L.11 Test performed on July 16, 2019, Location 13 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 370

Figure L.12 Test performed on July 16, 2019, Location 15 (only 2 tests completed) 370
Figure L.13 Test performed on July 17, 2019, Location 17 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 371

Figure L.14 Test performed on July 17, 2019, Location 18 (left = 4 tests, right = 3 tests) 372

Figure L.15 Test performed on July 17, 2019, Location 19 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 372

Figure L.16 Test performed on July 17, 2019, Location 20 (top left = 5 tests,

top right = 4 tests, bottom = 3 teStS) 373
Figure L.17 Test performed on July 17, 2019, Location 21 (top left = 5 tests,

top right = 4 tests, bottom = 3 teStS) 374
Figure L.18 Test performed on July 17, 2019, Location 22 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 375

Figure L.19 Test performed on July 18, 2019, Location 23 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 376

Figure L.20 Test performed on July 18, 2019, Location 24 (top left = 5 tests,
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top right = 4 tests, bottom = 3 tests) 377

Figure L.21 Test performed on July 18, 2019, Location 25 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 378

Figure L.22 Test performed on July 18, 2019, Location 28 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 379

Figure L.23 Test performed on July 19, 2019, Location 30 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 380

Figure L.24 Test performed on July 19, 2019, Location 31 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 381

Figure L.25 Test performed on July 19, 2019, Location 32 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 382

Figure L.26 Test performed on July 19, 2019, Location 33 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 383

Figure L.27 Test performed on July 19, 2019, Location 34 (top left = 5 tests,

top right = 4 tests, bottom = 3 teStS) 384
Figure L.28 Test performed on July 19, 2019, Location 35 (top left = 5 tests,

top right = 4 tests, bottom = 3 teStS) 385
Figure L.29 Test performed on July 19, 2019, Location 36 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 386

Figure L.30 Test performed on July 23, 2019, Location 37 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 387

Figure L.31 Test performed on July 23, 2019, Location 38 (top left = 5 tests,
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top right = 4 tests, bottom = 3 tests) 388

Figure L.32 Test performed on July 23, 2019, Location 39 (top left =5 tests,

top right = 4 tests, bottom = 3 tests) 389

Figure L.33 Test performed on July 23, 2019, Location 40 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 390

Figure L.34 Test performed on July 23, 2019, Location 41 (only 3 tests completed) 390

Figure L.35 Test performed on July 23, 2019, Location 42 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 391
Figure L.36 Test performed on July 23, 2019, Location 43 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 392

Figure L.37 Test performed on July 24, 2019, Location 44 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 393

Figure L.38 Test performed on July 24, 2019, Location 45 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 394

Figure L.39 Test performed on July 24, 2019, Location 46 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 395

Figure L.40 Test performed on July 24, 2019, Location 47 (top left = 5 tests,

top right = 4 tests, bottom = 3 teStS) 396
Figure L.41 Test performed on July 24, 2019, Location 48 (top left = 5 tests,

top right = 4 tests, bottom = 3 teStS) 397

Figure L.42 Test performed on July 24, 2019, Location 49 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 398

XXXIX



Figure L.43 Test performed on July 24, 2019, Location 50 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 399

Figure M.1 Test performed on July 9, 2019, Location 1 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 400

Figure M.2 Test performed on July 10, 2019, Location 4 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 401

Figure M.3 Test performed on July 10, 2019, Location 5 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 402

Figure M.4 Test performed on July 10, 2019, Location 6 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 403

Figure M.5 Test performed on July 16, 2019, Location 7 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 404

Figure M.6 Test performed on July 16, 2019, Location 8 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 405

Figure M.7 Test performed on July 16, 2019, Location 9 (top left = 5 tests,

top right = 4 tests, bottom = 3 teStS) 406
Figure M.8 Test performed on July 16, 2019, Location 10 (top left = 5 tests,

top right = 4 tests, bottom = 3 teStS) 407
Figure M.9 Test performed on July 16, 2019, Location 11 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 408

Figure M.10 Test performed on July 16, 2019, Location 12 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 409

Figure M.11 Test performed on July 16, 2019, Location 13 (top left =5 tests,
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top right = 4 tests, bottom = 3 tests) 410

Figure M.12 Test performed on July 16, 2019, Location 15 (only 2 tests completed) 410

Figure M.13 Test performed on July 17, 2019, Location 17 (top left =5 tests,

top right = 4 tests, bottom = 3 tests) 411

Figure M.14 Test performed on July 17, 2019, Location 18 (left = 4 tests, right = 3 tests) 412

Figure M.15 Test performed on July 17, 2019, Location 19 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 412

Figure M.16 Test performed on July 17, 2019, Location 20 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 413
Figure M.17 Test performed on July 17, 2019, Location 21 (top left =5 tests,

top right = 4 tests, bottom = 3 tests) 414

Figure M.18 Test performed on July 17, 2019, Location 22 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 415

Figure M.19 Test performed on July 18, 2019, Location 23 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 416

Figure M.20 Test performed on July 18, 2019, Location 24 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 417

Figure M.21 Test performed on July 18, 2019, Location 25 (top left = 5 tests,

top right = 4 tests, bottom = 3 teStS) 418
Figure M.22 Test performed on July 18, 2019, Location 28 (top left = 5 tests,

top right = 4 tests, bottom = 3 teStS) 419

Figure M.23 Test performed on July 19, 2019, Location 30 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 420
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Figure M.24 Test performed on July 19, 2019, Location 31 (top left =5 tests,

top right = 4 tests, bottom = 3 tests) 421

Figure M.25 Test performed on July 19, 2019, Location 32 (top left =5 tests,

top right = 4 tests, bottom = 3 tests) 422

Figure M.26 Test performed on July 19, 2019, Location 33 (top left =5 tests,

top right = 4 tests, bottom = 3 tests) 423

Figure M.27 Test performed on July 19, 2019, Location 34 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 424

Figure M.28 Test performed on July 19, 2019, Location 35 (top left =5 tests,

top right = 4 tests, bottom = 3 tests) 425

Figure M.29 Test performed on July 19, 2019, Location 36 (top left =5 tests,

top right = 4 tests, bottom = 3 tests) 426

Figure M.30 Test performed on July 23, 2019, Location 37 (top left =5 tests,

top right = 4 tests, bottom = 3 tests) 427

Figure M.31 Test performed on July 23, 2019, Location 38 (top left =5 tests,

top right = 4 tests, bottom = 3 tests) 428

Figure M.32 Test performed on July 23, 2019, Location 39 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 429

Figure M.33 Test performed on July 23, 2019, Location 40 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 430

Figure M.34 Test performed on July 23, 2019, Location 41 (only 3 tests completed) 430

Figure M.35 Test performed on July 23, 2019, Location 42 (top left =5 tests,

top right = 4 tests, bottom = 3 tests) 431
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Figure M.36 Test performed on July 23, 2019, Location 43 (top left =5 tests,

top right = 4 tests, bottom = 3 tests) 432

Figure M.37 Test performed on July 24, 2019, Location 44 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 433

Figure M.38 Test performed on July 24, 2019, Location 45 (top left =5 tests,

top right = 4 tests, bottom = 3 tests) 434

Figure M.39 Test performed on July 24, 2019, Location 46 (top left =5 tests,

top right = 4 tests, bottom = 3 tests) 435

Figure M.40 Test performed on July 24, 2019, Location 47 (top left =5 tests,

top right = 4 tests, bottom = 3 tests) 436

Figure M.41 Test performed on July 24, 2019, Location 48 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 437

Figure M.42 Test performed on July 24, 2019, Location 49 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 438

Figure M.43 Test performed on July 24, 2019, Location 50 (top left =5 tests,

top right = 4 tests, bottom = 3 teStS) 439
Figure N.1 Test performed on July 9, 2019, Location 1 (top left =5 tests,

top right = 4 tests, bottom = 3 teStS) 440
Figure N.2 Test performed on July 10, 2019, Location 4 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 441

Figure N.3 Test performed on July 10, 2019, Location 5 (top left = 5 tests,

top right = 4 tests, bottom = 3 tests) 442

Figure N.4 Test performed on July 10, 2019, Location 6 (top left = 5 tests,

xliii



top right = 4 tests, bottom = 3 tests)

Figure N.5 Test performed on July 16, 2019, Location 7 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure N.6 Test performed on July 16, 2019, Location 8 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure N.7 Test performed on July 16, 2019, Location 9 (top left = 5 tests,
top right = 4 tests, bottom = 3 tests)
Figure N.8 Test performed on July 16, 2019, Location 10 (top left = 5 tests,
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Chapter 1

Introduction

1.1 Background
Soil cement is a mixture of native soils with a measured amount of portland cement and
water that hardens after compaction and curing to form a strong, durable, frost-resistant paving
material (Halsted et al. 2006). Soil cement can be mixed in place using on site materials or mixed
in a central plant using selected materials (Halsted et al. 2006). It is used throughout the industry
as a pavement base for highways, roads, streets, parking areas, airports, industrial facilities, and
materials handling and storage areas (Halsted et al. 2006). The Alabama Department of
Transportation (ALDOT) uses soil cement as a base where crushed stone is unavailable or
transportation to site is too costly.
Advantages of using soil-cement bases include (Halsted et al 2006):
* Provides a stronger, stiffer base that reduces deflections due to traffic loads, delaying the
onset of surfaces distress such as fatigue cracking and extended pavement life,
* Thickness of the base are less than those required for granular bases carrying the same
traffic load because the loads are distributed over a large area,
» A wide variety of in-situ soils can be used, eliminating the need to haul in expensive
select granular aggregates,
» The construction operation progresses quickly with little disruption of the traveling
public,
* Rutting is reduced due to the resistance of consolidation and movement of the cement

stabilized base,



» Forms a moisture-resistant base that keeps water out and maintains higher levels of

strength, even when saturated, thus reducing the potential for pumping of subgrade soils,

* Provides a durable, long-lasting base in all types of climates, designed to resist damaged

caused by cycles of wetting and drying and freeze-thaw conditions, and

« Continues to gain strength with age.

While there are many advantages to using soil cement, there are some reasons why it may
not be used. Research has shown that a soil cement base requires an upper and lower bound on the
required strength so that a quality product can be obtained. Strengths that are too low are
undesirable because the base will not provide adequate support for traffic, resulting in rutting and
large deflections (George 2002). Strengths that are too high are undesirable since excessive cement
content may lead to wide shrinkage cracks (George 2002). These wide cracks can cause reflective
cracking in the hot mix asphalt surface (George 2002).

Due to strength restrictions placed on soil cement, ALDOT 304 (2014) requires seven-day
compressive strengths of cores to be between 250 and 600 psi to receive full payment for the
construction of the roadbed. If the compressive strength is less than 250 psi, a price reduction will
be imposed following Equation 1.1 (ALDOT 304 2014). If the compressive strength of the core is
greater than 600 psi, a price reduction will be imposed following Equation 1.2 (ALDOT 304 2014).
For compressive strengths less than 200 psi or greater than 650 psi, the soil-cement layer shall be
removed and replaced by the contractor without addition compensation (ALDOT 304 2014). A

summary of these ALDOT requirements is presented in Table 1.1.

Price Reduction = (0.4% per psi) * (250 psi — f;) (Equation 1.1)

Price Reduction = 20% — (0.4% per psi) = (650 psi — f,)  (Equation 1.2)



Where:
Price Reduction = reduction in pay (%), and
fc = 7-day compressive strength of cores (psi).

Table: 1.1: ALDOT (2014) compressive strength specifications

Average 7-day Strength (fc) Action
fec < 200 psi Remove and Replace
200 psi < fc < 250 psi Price Reduction
250 psi < fc < 600 psi No Price Reduction
600 psi < fc < 650 psi Price Reduction
fc > 650 psi Remove and Replace

Certain construction practices and high variability of core strength data have led to
questions concerning the proper quality control practices and testing protocol. ALDOT 304 (2014)
states the current practice for the state that consists of recovering cores on the sixth day and thesting
then on the seventh to determine the compressive strength. Results from past ALDOT projects
have shown high variability in core strength values and has led to an increase in concern of the in-
place strength and the use of cores as a pay item. Figure 1.1 shows 7-day core strengths from
ALDOT project STPAA-0052 (504) in Houston and Geneva Counties in Alabama. Cores taken
just a few feet apart show strengths that differ by over 200 percent. Strength limits are shown on

the graph showing the pay scale that ALDOT uses.
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Figure 1.1: Compressive strengths of cores from ALDOT project STPAA-0052 (504)
(McLaughlin 2017)

Due to the high variability of core strengths in past ALDOT projects, other techniques have
been researched and developed to create a reliable method to assess the strength of soil cement.
The latest method evaluated on an Alabama soil cement project was the one developed by
Nemiroff (2016) and McLaughlin (2017). Nemiroff (2016) determined a relationship between
using molded cylinders made in accordance with ASTM D1632 (2017), Standard Practice for
Making and Curing Soil Cement Compressive and Flexure Test Specimens in the Laboratory, and
the dynamic cone penetrometer results of penetration depth over the amount of blows used using
ASTM D6951, Standard Test Method for Use of the Dynamic Cone Penetrometer in Shallow
Pavement Applications. Molded cylinder method used by Nemiroff (2016) will be referred to
herein as the steel-mold method. McLaughlin (2017) modified the plastic-mold method introduced

by Sullivan et al. (2014) with the dynamic cone penetrometer in the field to determine how well



the relationship Nemiroff (2016) determined worked in the field when compared to strengths
determined by core testing.

The dynamic cone penetrometer has been evaluated by McElvaney and Djatnika (1991),
Enayatpour et al. (2006), Patel and Patel (2012), and Nemiroff (2016), to name a few, in order to
determine compressive strength of soil cement; however, few have evaluated it at the high
strengths that ALDOT uses for soil cement. The dynamic cone penetrometer has also been
correlated to other engineering properties such as soil classification (Huntley 1990) and California
Bearing Ratio. As mentioned before, McLaughlin (2017) sampled material on-site and used the
steel-mold and plastic-mold cylinder methods to prepare molded cylinders that were then tested in
compression and compared to the dynamic cone penetrometer and core strength results at seven
days.

1.2 Research Objectives

The main objective of this research was to further investigate and finalize the method to
assess soil cement base that was developed by McLaughlin (2017). To do this, the following
objectives were set:

e Evaluate the suitability of using plastic-mold cylindrical samples based on Sullivan et al.

(2014) and McLaughlin (2017) to assess the strength of soil cement,

e Establish the correlation between the 7-day unconfined compressive strength and dynamic
cone penetrometer results of 150 to 800 psi soil cement,
e Evaluate different gradations of soils to assess if there is a difference between different

AASHTO classified soils in the strength of soil cement,



e Continue the evaluation of McLaughlin (2017) to determine the suitability of using the
plastic-mold method in the field as the quality assurance test method to assess the strength
of soil cement,

e Continue the evaluation of McLaughlin (2017) to determine the suitability of using the
dynamic cone penetrometer in the field to assess the in-place strength of soil cement,

e Recommend a testing protocol that the Alabama Department of Transportation (ALDOT)
should implement to assess the strength of soil cement to replace coring.

1.3 Research Approach

At the beginning of this research project, there was no soil cement base being constructed
in Alabama. Further research in the laboratory was done by collecting different soils with different
AASHTO classifications and experimenting with different cement contents. The PM Method
developed by Sullivan et al. (2014) with modifications used by McLaughlin (2017) was used to
create molded soil cement cylinders. DCP specimens were created using the method from
Nemiroff (2016) and tested using ASTM D6957 (2009). Data collected to depths of 25, 50, 75,
100, and 175 millimeters was analyzed, and the best fit correlation established between the DCP
results and cylinder compressive strength.

Next, field work was started on an ALDOT soil cement base project that started on U.S.
Highway 84 bypass East of Elba, Alabama. One method evaluated was the PM Method developed
by Sullivan et al. (2014) with same modifications proposed by McLaughlin (2017). The second
method used was the DCP as per ASTM D6957 (2009) with the DCP to strength correlation as
establish by the earlier laboratory work. Both these methods were conducted in the field on U.S.
Highway 84 and these results were compared to the seven-day core results obtained from ALDOT

for each section.



After these results were available, the suitability of the DCP for determining the in-place
strength of soil cement base was evaluated. DCP tests were conducted over the whole eight-inch
deep layer at certain locations with the number of DCP tests at a location being evaluated as well
as the most effective testing depth evaluated.

Based on the findings of this research, an updated strength testing method was developed
for ALDOT using the PM method to produce molded cylinder on-site for compressive strength
testing for quality assurance. If the plastic-mold cylinder compressive strength is less than or
greater than the ALDOT requirement for on soil cement base outlined previously, then the DCP
shall be used to determine the in-place strength of soil cement base.

1.4 Thesis Outline

Chapter 2 of this thesis presents an overview of previous research and literature that
pertains to all aspects of this research project. This begins with the discussion of the materials that
are used to produce soil cement. Next, the importance of engineering properties such as density,
compressive strength, cracking, and durability are presented and discussed. Then, an overview of
soil cement base construction is presented with mixing, compaction, curing, and quality control
methods being discussed. The last section covers the different ways to evaluate strength of soil
cement that are used in different states and those that were used during this research such as coring,
molded cylinders, and the dynamic cone penetrometer.

Chapter 3 presents the experimental plan for both the laboratory and field testing phases.
The laboratory testing phase is presented first where it evaluates the laboratory mixtures and
introduces the soil classification study. Detailed descriptions of the equipment and testing
procedures are then outlined and discussed. The field testing phase is then presented beginning

with where the location of the field project. The purpose of doing the field phase is then discussed.



A detailed description of the testing procedures that were used for this phase are then presented.
The last section of this chapter describes how the testing was performed through the different
apparatuses and methods.

The results from the laboratory testing phase are presented in Chapter 4. Results of the soil
classification are discussed. Then a correlation between the dynamic cone penetrometer results
and plastic-mold cylinder strength is presented along with how it compares to previous correlations
determined by other researchers.

The results from the field testing phase are presented in Chapter 5. Results obtained from
the dynamic cone penetrometer analysis are discussed. Then, results of the plastic-mold method,
dynamic cone penetrometer, cores, and in-place densities are presented. The last section presents
a comparison of the results obtained from all the test methods by evaluating the variability and the
results by each testing location.

A summary of all the research performed is presented in Chapter 6. All conclusions and
recommendations determined from this research are presented in Chapter 6 as well.

Chapter 6 is followed by Appendices A through O. Appendix A contains Proctor density
curves and gradations for all mixtures used in making soil cement in the laboratory. Appendix B
contains the results from the initial curing method study. Appendix C contains the results from the
soil classification study of the three different soils. Appendices D through H contain all of the DCP
penetration results from the laboratory experiments, with the penetration is plotted against the blow
count. Appendix | contains a summary of all strengths determined at each of the locations tested
in the field testing phase. Appendices J through N contain all of the DCP penetration results
collected at each of the locations in the field testing phase. Finally, Appendix O summarizes the

location and subsection layout used over the entirety of the field testing phase.



Chapter 2

Literature Review

2.1 Introduction

First in this chapter, a literature review of the materials used to produce soil cement base
is presented. Next, soil cement properties such as densities, compressive strengths, and its
durability are discussed. An overview of the process and quality control of soil cement base
construction are then explained. Lastly, the evaluation of strength of soil cement base using
different test methods such as dynamic cone penetrometer, steel molded cylinders, plastic-mold
method, and coring are discussed along with how different Departments of Transportation evaluate
soil cement projects.
2.2 Materials
2.2.1 Soil

Soil is defined as the relatively loose agglomerate of minerals, organic materials and
sediments found above the bedrock (Holtz and Kovacs 1981). ACI 230 (2009) states that almost
all soil types can be used in the construction of soil cement except for organic soils, highly plastic
clays, and poorly reacting sandy soils. However, granular soils are preferred because they
pulverize and mix easier than fine grained soils. According to ACI 230 (2009), the most commonly
used soils are silty sand, processed crushed or uncrushed sand and gravel, and crushed stone.

Poorly reacting sandy soils are not used in soil cement because the cement can react and
have an adverse effect on the final soil cement product. A study conducted by Robbins and Mueller
(1960) found that a sandy soil with an organic content greater than 2 percent or having a pH lower

than 5.3 will probably not react normally with cement. Robbins and Mueller (1960) also showed



that acidic organic material often had adverse effects of strength development in soil cement
mixtures.
2.2.1.1 Particle Size

AASHTO terminology was used to clarify the boundary between coarse- and fine-grained
soils for this research. Coarse-grained soils are soils with more than 35 percent retained on or
above the No. 200 sieve and fine-grained soils are soils with 35 percent or more passing the No.
200 sieve (McCarthy 2007).

The most preferred choice of grain size for use in soil cement are coarse-grained soils
because of their ability to pulverize and mix more easily (PCA 1995; ACI 230 2009). All types
and sizes of soil can be hardened with portland cement because its stability is formed through the
hydration of the cement and not by the cohesion and internal structure of the material (PCA 1995).
ACI 230 (2009) recommends well graded sandy and gravelly materials with about 10 to 35 percent
of non-plastic fines as they have the most favorable characteristics and generally require the least
amount of cement. Silty and clayey soils with high clay contents are harder to pulverize and need
higher cement content to harden it adequately so these soils are not very economic (ACI 230 2009).

Halsted et al. (2006) states that an increase in the quantity of coarse material will reduce
the cement requirement because the finer particles requiring cement to bind them together are
replaced by coarser particles. Figure 2.1 shows a band of gradation sizes that would use the least
amount of cement that would produce a quality base that meets density and strength requirements.
Gradations outside of this range will require more cement due to the material being too fine or too

coarse as the particles would not interlock with one another on their own to a sufficient strength.
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Figure 2.1: Aggregate gradation band for minimum cement requirements (Halsted et al. 2006)

2.2.2 Portland Cement

The cement that is typically used for soil cement construction are Type | or Type Il portland
cement that meet the requirements of ASTM C150 (2016). Cement contents may range from as
low as 2 percent to as high as 16 percent by dry weight of the soil (ACI 230 2009). Table 2.1,
adapted from ACI 230 (2009), shows a variety of AASHTO soils and ASTM classified soils with
their typical range of cement required. This table shows estimated cement contents that would be
required for each of the different soil types. Table 2.1 should not be taken as a requirement as the
values could be lower or higher as the required amount of cement varies depending upon the

desired properties and the soil type (ACI 230 2009).

11



Table 2.1: Typical cement requirements for various soil types (ACI 230 2009)

Typical . Typical Cement for
AASHTO . Cement Typl_cal Cement_ for durability tests
. ASTM Soil - moisture-density
Soil e Range, (ASTM D559 and
e . Classification test (ASTM D558),
Classification percent by . D560, percent by
. percent by weight )
weight weight
GW, GP, GM,
A-l-a SW. SP. SM 3to5 5 3-5-7
atp | CMERSM 5108 6 4-6-8
A-2 oM. 5% SM. 5109 7 5-7-9
A-3 SP 7t011 9 7-9-11
A-4 CL, ML 7t012 10 8-10-12
A-5 ML, MH, CH 81013 10 8-10-12
A-6 CL,CH 9to 15 12 10-12-14
A-7 MH, CH 10to 16 13 11-13-15
*Does not include organic or poorly reacting soils. Also, additional cement may be required
for severe exposure conditions such as slope protection

Other cementitious materials have also been proven to work in soil cement applications.
Slag cement should meet the requirements of ASTM C989, and the allowed Grades 80, 100, and
120 specified (ACI 230 2009). If slag cement is blended with portland cement then the
combinations should meet the requirements of ASTM C595 or C1157 (ACI 230 2009). Class F fly
ashes have been the predominant fly ash used in soil cement as a filler or as a cementitious
component (ACI 230 2009). Fly ash should conform to ASTM C618 (ACI 230 2009). Lime has
also been used for highly plastic clay soils to reduce plasticity and make the soil more friable and
susceptible to pulverization before mixing with cement (ACI 230 2009).
2.2.3 Water

Water is necessary in soil cement to help obtain maximum compaction and for hydration
of the portland cement (ACI 230 2009). Moisture contents of soil cement are usually in the range

of 5 to 13 percent by weight of oven-dry soil cement (ACI 230 2009). ACI 230 (2009) states that
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potable water or other relatively clean water that are free from harmful amounts of alkalis, acids,
or organic matter may be used. ACI 230 (2009) also states that seawater has been used
satisfactorily as the chlorides in the seawater may increase early age strengths. Typically, water
from the city is acceptable and used in soil cement applications without being tested (ALDOT
2012). Table 2.2 is a table adapted from ALDOT (2012) Section 807 that requires that water used
shall be fresh, free from oil, and shall contain impurities in excess of the limits given.

Table 2.2: Maximum limit for impurities in water used for soil cement applications (adapted

from ALDOT 2012)

Item Limit
Acidity or alkalinity in terms of calcium carbonate 500 mg/L AASHTO T26
Total organic solids 500 mg/L AASHTO T26
Total inorganic solids 500 mg/L AASHTO T26
Chloride ion concentration 250 mg/L AASHTO T26
Sulfate ion concentration 250 mg/L AASHTO T26
pH 6.0 to 8.0 ASTM D1293

2.3 Soil Cement Properties
2.3.1 Density and Moisture Content

AASHTO T134 (2013) and ASTM D558 (2019) outline the Proctor test that is used to
determine the optimum moisture content and the maximum dry density. Figure 2.2 shows a typical
moisture-density curve developed from a Proctor test. ACI 230 (2009) states that the density of

soil should be defined in terms of dry density.
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Figure 2.2: Maximum dry density and optimum moisture content (Halsted et al. 2006)

Adding cement to a soil usually alters the optimum moisture content and maximum dry
density; however, it is difficult to determine whether these properties will increase or decrease
(ACI1 230 2009). The flocculating action of cement tends to increase the optimum moisture content
and decrease the maximum dry density (ACI 230 2009). However, the high specific gravity of
cement compared to the soils tend to produce a higher density (ACI 230 2009).

Given a cement content, the higher the density of the specimen, the higher the compressive
strength of the cohesionless soil cement mixture (Shen and Mitchell 1966). West (1959) showed
that letting a soil cement mixture sit for more than 2 hours before compaction would result in a
significant decrease in both density and compressive strength. Felt (1955) also found similar
findings to West (1959); however, the effect could be minimized if the mixture was mixed several
times over the delay between initial mixing and the compaction if the moisture content at the time
of compaction was at or slightly above optimum moisture.

Figure 2.3 shows the relationship between dry density and moisture content when cement
is added into soil at different percentages. The figure from Yoon and Abu-Farsakh (2008) shows

that the dry density increases with an increase in the cement content while the optimum moisture
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content remains fairly similar to other cement contents, but the optimum moisture content

decreases slightly when the test is performed only on soil.
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Figure 2.3: Relationship between dry density and moisture content when cement is added
(adapted from Yoon and Abu-Farsakh 2008)

At optimum moisture content, water serves as a lubricating agent among soil particles to
reduce the friction resistance between them, thus improving the compaction quality to achieve the
maximum dry density (Jin et al. 2017). Jin et al. (2017) determined that water reducers could be
used in cement treated soils. These water-reducing admixtures, while decreasing the optimum
moisture content, would increase the maximum dry density and the unconfined compressive
strength, reduce weight loss in wet-dry cycles and reduce the permeability (Jin et al. 2017). Figure

2.4 from Jin et al. (2017) shows how adding cement and water reducers would affect the moist-
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density curve with “Shelby” being the soil name, “C” being portland cement, and “WR” being a

water-reducing admixture.
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Figure 2.4: Effect of a water-reducing admixture on moist-density curve (Jin et al. 2017)

2.3.2 Compressive Strength

The unconfined compressive strength, fc, is the most widely referenced property of soil
cement (ACI 230 2009). The unconfined compressive strength for soil cement mixtures is
measured using ASTM D1633 (2007). This strength indicates the degree of reaction of the soil
cement-water mixture and the rate of hardening (ACI 230 2009). Compressive strength can also
be used as a criterion to determine how much cement needs to be added to the mixture (ACI 230
2009). ACI 230 (2009) has examples of 7-day and 28-day unconfined compressive strengths for

soaked soil cement specimens of different soil types and are shown in Table 2.3. The soils listed
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in Table 2.3 represent a majority of soils used in the United States for soil cement construction
(ACI 230 2009).

Table 2.3: Ranges of unconfined compressive strength of soil cement (ACI 230 2009)

Soaked compressive
5trvz~11|gth.:t psi
Soil type T-day 28-day

Sandy and gravelly soils:
AASHTO Groups A-1. A-2, A-3
Unified Groups GW. GC. GP, GM, SW. SC,
5P, SM

Silty soils:
AASHTO Groups A-4 and A-5 250 to 500 | 300 to 900
Unified Groups ML and CL

Clayey soils:
AASHTO Groups A-6 and A-7 200 to 400 | 250 to 600
Unified Groups MH and CH

300 to 600|400 to 1000

ltSpus-uc1'.|:|:|JE-1.15 moist-cured 7 or 28 days, then seaked in water before strength testing.
Note: 1 psi=0.0069 MPa.

Figure 2.5 from the Federal Highway Administration (FHWA) (1979) shows that with fine-
grained soils, the unconfined compressive strength is less than that of coarse-grained soils, which
is also shown in Table 2.3. Figure 2.5 also shows the effect that curing time has on the strength of
a soil cement mixture. A coarse-grained soil shows a greater increase in strength over a longer
curing time but both fine-grained and coarse-grained soils follow the trend of having a gain in

strength.
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Figure 2.5: Effects of curing time and different soils on unconfined compressive strength
(FHWA 1979)
Generally, strength increases with the increase in dry density (Yoon and Abu-Farsakh
2008). The highest strength does not occur at the highest dry density due to the factor that the
water-to-cement ratio is one of the major controlling factors that affects strength (Yoon and Abu-
Farsakh 2008). Figure 2.6 shows the relationship between dry density and unconfined compressive
strength. Figure 2.7 shows the relationship between the water-to-cement ratio by weight and the

unconfined compressive strength.
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Figure 2.6: Relationship between dry density and unconfined compressive strength

(adapted from Yoon and Abu-Farsakh 2008)
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Figure 2.7: Relationship between water-to-cement ratio and unconfined compressive strength

(adapted from Yoon and Abu-Farsakh 2008)
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2.3.3 Shrinkage and Reflective Cracking

Shrinkage cracks may develop in the soil cement base over time and result in reflective
cracking in the upper asphalt surface layer. Soon after construction of a soil cement base, shrinkage
will develop over time (Kuhlman 1994). The shrinkage and subsequent cracking are dependent
upon the cement content, soil type, water content, degree of compaction, and allowed curing time
(ACI 230 2009). Each soil type used in a soil cement mixture produces a different crack pattern
(ACI1 230 2009). Soil cement made with clay tends to have higher total shrinkage, but crack widths
are smaller and individual cracks are more closely spaced, about 2 to 10 feet apart (ACI 230 2009).
ACI 230 (2009) states that soil cement made with more granular soils produce less shrinkage, but
larger cracks spaced at greater intervals, about 10 to 20 feet apart. Figure 2.8 shows shrinkage

cracks in the soil cement along US Highway 84 project in Elba, Alabama.

Figure 2.8: Shrinkage cracks in soil cement (McLaughlin 2017)
Kuhlman (1994) stated that cracking in the soil cement base can cause reflective cracks in

the bituminous riding surface that may be about 0.03 to 0.05 inches in width. Kuhlman (1994) also
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stated that the least cracking will occur in those soil cements having the lowest moisture content
at the time of compaction while compacted to a high density. Therefore, clays and silts have the
highest moisture requirement to achieve maximum density and will have the greatest tendency for
dry shrinkage as compared to more granular soils. George (2002) found that soil cement cracking
is highly correlated to the following:

1. Volume change resulting from drying, temperature change, or both,

2. Tensile strength of the stabilized material,

3. Stiffness and creep of stabilized materials, and

4. Subgrade restraint.

These soil cement base cracks sometimes become reflective cracks in the asphalt
pavements. Alligator cracking in the wheel paths would be an indication of inadequate design and
structural failure rather than just a few expansive or shrinkage cracks spread throughout a typical
two-lane roadway (Kuhlman 1994). Kuhlman (1994) and George (2002) indicate that good
construction and quality control procedures such as proper moisture, density, mixing, and curing,
are essential to minimize cracking. Desirable cracking occurs when cracks are closely spaced and
narrow so that load transfer continues across the crack and that little water can seep into the
opening (ACI 230 2009). ACI 230 (2009) states that large cracks will cause raveling, loss of
subgrade material, pavement faulting, surface deterioration, and poor ride quality.

Expansive forces can also cause cracking. Wet-dry and freeze-thaw cycles cause expansion
and shrinking throughout the soil cement base. As the soil cement base freezes or gains water, the
soil cement base will expand. When the thawing or drying of the soil cement base happens, the
soil cement will then begin to shrink and lead to shrinkage cracks. These cracks can lead to

reflective cracking in the asphalt pavements above the soil cement base.
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Methods of controlling cracking to achieve the desirable cracking include proportioning to
minimize shrinkage, following quality construction procedures, and controlling the cracking
through the bituminous surface (ACI 230 2009). Allowing the soil cement to dry too quickly will
ensure that shrinkage occurs early where tensile stresses will lead to more cracking (Kuhlman
1994). ACI 230 (2009) has more specific techniques that would help to prevent the shrinkage such
as compacting at a slightly less than optimum moisture content, limiting the fines content, using
interlayers, using a thicker base slab with reduced cement content, and quick placement of asphalt
pavement on the soil cement base. Another technique would be to delay surfacing and prolong the
curing for 14 to 28 days to allow initial cracks to form which will allow for the asphalt to bridge
the cracks and reduce their reflectivity and size (ACI 230 2009).

Scullion (2002) recommends a microcracking process where a vibratory roller passes over
the soil cement base 24 to 72 hours after being laid in order to create microcracks in the base. This
substantially reduced the amount of surface cracking in the asphalt layer as well as the base, while
also maintaining a very high stiffness (Scullion 2002).

2.3.4 Durability

For a hardened soil cement mixture to have a satisfactory service life, adequate strength
and durability are essential. ASTM D559 (2015), Standard Test Methods for Wetting and Drying
Compacted Soil-Cement Mixtures, and ASTM D560 (2016), Standard Test Methods for Freezing
and Thawing Compacted Soil-Cement Mixtures, are standard test methods that are conducted to
determine the amount of cement needed to hold the mass together permanently and to maintain
stability under the shrinkage and expansive forces that develop after placement (ACI 230 2009).
The Portland Cement Association (PCA) (1971) criteria for wet-dry and freeze-thaw durability are

shown in Table 2.4. Cement contents sufficient to prevent weight losses greater than the values
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indicated after 12 cycles of wetting, drying, thawing, and freezing are considered adequate to
produce a durable soil cement.

Table 2.4: PCA criteria for wet-dry and freeze-thaw soil cement durability tests (PCA 1971)

. . : Maximum Allowable
AASHTO Soil Group Unified Soil Group Weight Loss, %

A-1-a GW, GP, GM, SW, SP, SM 14
A-1-b GM, GP, SM, SP 14

A-2 GM, GC, SM, SC 14*

A-3 SP 14

A-4 CL, ML 10

A-5 ML, MH, CH 10

A-6 CL,CH 7

A-7 OH, MH, CH 7

*Ten percent is maximum allowable weight loss for A-2-6 and A-2-7 soils.

Additional criteria:

1. Maximum volume changes during durability test should be less than 2% of initial volume.

2. Maximum water content during test should be less than quantity required to saturate sample at time
of molding.

3. Compressive strength should increase with age of specimen.

4. Cement content determined as adequate for pavement, using the aforementioned PCA criteria, will
be adequate for soil cement slope protection that is 5 ft (1.5 m) or more below the minimum water
elevation. For soil cement that is higher than that elevation, cement content should be increased
two percentage points.

Some agencies use the results of the standard test methods, ASTM D559 (2015) and ASTM
D560 (2016), to determine a compressive strength to determine the minimum cement content.
Figure 2.9 shows the relationship between the compressive strength at 7 days and durability of soil
cement based on PCA durability criteria. The curves show that a compressive strength of 800 psi
would be adequate for all soils, but this strength would be too conservative and too costly for most
soil cement designs (ACI 230 2009). When a specific gradation or soil type is used, some agencies
have determined a compressive strength requirement for that particular type of material and is

generally based off of the wet-dry and freeze-thaw testing methods.
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Figure 2.9: Relationship between compressive strength and the durability of soil cement
(PCA 1971)

2.4 Overview of Soil Cement Base Construction
2.4.1 Soil Cement Base Construction

The objective when constructing soil cement is to obtain a thoroughly mixed, adequately
compacted, and cured material with sufficient strength (ACI 230 2009). ACI 230 (2009) states that
soil cement should not be mixed or placed when the soil or subgrade is frozen or when the
temperature is below 45 degrees Fahrenheit. Common practice is to construct soil cement when
the air temperature is at least 40 degrees Fahrenheit and rising (ACI 230 2009). Soil cement shall
be protected from freezing for at least 7 days if freezing temperatures are expected to be reached
(ACI 230 2009). If there is heavy rainfall during construction, it can be detrimental, especially if

the optimum moisture had already been added to the mixture or if the cement is still being spread
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(ACI 230 2009). Rain will not normally harm the soil cement mixture if it has been compacted
(ACI 230 2009). The methods of mixed-in-place, central mixing plant, compaction, and curing
will be discussed in the remainder of this section.
2.4.1.1 Mixed-In-Place Method

Almost all types of soil, from granular to fine-grained, can be pulverized and mixed to
produce soil cement in the field (ACI 230 2009). These soils can consist of material already in-
place or obtained from a borrow pit. Mixing operations can be performed with transverse single-
shaft-type mixers (ACI 230 2009). Figure 2.10 shows a transverse single-shaft mixer that was used

on a soil cement project on US Highway 84 near New Brockton, AL.

Figure 2.10: Transverse single-shaft mixer

During construction, some soils may require multiple passes of the mixer to achieve
adequate pulverization and uniformity (ACI 230 2009). As the gradation of the material may
change, material taken from a borrow pit should be monitored for purposes of quality control for
cement requirements, optimum moisture content, and density (ACI 230 2009).

The Mixed-In-Place method begins with preparation of the soil. All soft or wet subgrade
areas are located and corrected. All deleterious materials such as stumps, roots, organic soils, and

aggregates greater than 3 inches should be removed (ACI 230 2009). The soil is then shaped to
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approximate final lines and grades before mixing using a single-shaft mixer (ACI 230 2009). For
coarse-grained soils, mixing at less than optimum moisture content minimizes the chances for
cement balls to form, while for fine-grained soils, keeping the moisture content near optimum may
be necessary for effective for pulverization (ACI 230 2009).

After the soil is prepared, the cement is generally distributed over the soil in bulk using a
mechanical spreader or in a slurry form by using a distributor truck equipped with an agitation
system (Halsted 2008). The use of a mechanical spreader to spread cement on a project on US
Highway 84 near New Brockton, AL is shown in Figure 2.11. If there is a concern of major dusting
of the cement into the air, cement can be applied as a slurry (ACI 230 2009). Dusting of the cement

can be seen in Figure 2.12 where a slurry was not used.

Figure 2.11: Cement being spread by mechanical spreader
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Figure 2.12: Cement dusting into the air

The primary objective of the cement-spreading operation is to achieve uniform distribution
of the cement in the proper proportions across the width of the roadway (ACI 230 2009). To obtain
a uniform spread, the mechanical spreader should be operated at a uniform speed with a constant
level of cement in the hopper (ACI 230 2009). Cement is moved pneumatically from the truck
through an air-separator cyclone, which removes the air pressure, before the cement falls into the
hopper of the spreader (ACI 230 2009). For slurry applications, a 50/50 by weight of water and
cement is mixed in a slurry pump thoroughly that is then pumped into a liquid tanker truck (ACI
230 2009). This truck is equipped with internal agitation devices or recirculation pumps to keep
the cement in suspension (ACI 230 2009). The amount of cement required is specified as a
percentage by weight of oven-dry soil or in pounds of cement per cubic foot of compacted soil
(ACI 230 2009).

Once all the cement has been evenly placed on the soil, a single-shaft mixer like the one
shown in Figure 2.10 is used to mix the cement in with the soil. Agricultural-type equipment is not

recommended due to the relatively poor mixing uniformity (ACI 230 2009). Soils with higher fines
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content and plasticity tend to create more difficulties when pulverizing and mixing. Once the
cement has been mixed into the soil, a water truck is used to apply the specified amount of water
onto the surface of the mixture to obtain the desired moisture content. A water truck spraying water
onto the surface can be seen in Figure 2.13. The single shaft mixer then passes over all of the
material again to mix the water into the soil cement. In-place mixing efficiency, as measured by
the strength of the soil cement, is usually less than that found in the laboratory and can be
compensated by adding one or two percentage points to the cement content that was determined

in the laboratory testing (ACI 230 2009).

Figure 2.13: Water truck applying water to soil cement

2.4.1.2 Central-Plant-Mixed Method

Central mixing plants tend to be used for projects that need borrow materials. Granular
borrow materials are generally used because of their ease in handling and mixing while clayey
soils should be avoided because they are difficult to pulverize (ACI 230 2009). The two basic type
of central plant mixers are the rotary-drum mixers and the pug mill mixers. Typically, pug mill
mixers consist of two types: continuous flow and batch. The most common one used is the
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continuous-flow pug mill mixer with production rates varying between 200 and 800 tons per hour
(ACI 230 2009).

Just like any soil cement mixing operation, the objective of the central plant mixers is to
produce a thorough and intimate mixture of the soil, cement, and water in the correct proportions
(ACI 230 2009). A typical continuous-flow pug mill plant can be seen in Figure 2.14. This plant
typically consists of at least one soil bin, a cement silo with surge hopper, a conveyor belt to deliver
the soil and cement to the mixing chamber, a mixing chamber, a water-storage tank for adding
water during mixing, and a holding or gob hopper to temporarily store the mixed soil cement before
loading (ACI 230 2009). Most plants will also screen the soil with 1 to 1-1/2 inch mesh to remove
larger materials or organics that may not have been removed from the borrow material prior. The
mixing chamber consists of two parallel shafts equipped with paddles along each shaft that rotate
in opposite directions (ACI 230 2009). Thorough mixing is very important and is specified to about

15 to 30 seconds depending on the efficiency of the mixer (ACI 230 2009).
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Figure 2.14: A typical continuous-flow pug mill plant (adapted from ACI 230 2009)
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Once the soil cement has finished mixing and is being held in the storage hopper, it must
be transported to the site and start being compacted within 60 minutes (ACI 230 2009). To reduce
evaporation losses during hot, windy conditions and to protect from sudden showers, rear and
bottom dump trucks are equipped with protective covers (ACI 230 2009). Haul time in these trucks
is usually limited to 30 minutes as that would leave 30 minutes to place and spread the soil cement
before starting compaction (ACI 230 2009).

Before placing the mixed soil cement, all adjacent surfaces and the subgrade should be
moistened (ACI 230 2009). The most common way to spread the soil cement is by using a motor
grader or spreader box attached to a dozer or by using asphalt-type pavers (ACI 230 2009). Figure
2.15 shows a motor grader spreading soil cement. Asphalt-type pavers sometimes place one or
more tamping bars on the back to initiate the compaction process (ACI 230 2009). Soil cement is
typically placed in a layer about 10 to 30 percent thicker than the desired final compacted thickness
(ACI 230 2009). This percentage is determined by trial-and-error methods or by contractor
experience. Compaction, finishing, and curing follow the same procedures of that of the mixed in-

place method.

Figure 2.15: Motor grader spreading soil cement
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2.4.1.3 Compaction of Soil Cement

West (1959) and ACI 230 (2009) state that compaction should begin as soon as possible
and should be completed within 2 hours of initial mixing. The effect of having delayed compaction
on density and strength were covered in sections 2.3.1 and 2.3.2. Sections should not be left
unworked for longer than 30 minutes during compaction (ACI 230 2009). In order to obtain
maximum density, the soil cement mixture should be at or near optimum moisture content as
determined by ASTM D558. Standard practice requires that the soil cement base be compacted to
a minimum of 95 to 98 percent depending on the state’s requirements. North Carolina, Georgia,
and Alabama’s requirements for percent compaction are covered in section 2.5.

As soon as all of the soil cement has been placed or mixed along the section, the compaction
process should begin. The main types of rollers used for soil cement compaction are sheepsfoot
roller, multiple-wheel rubber-tired roller, vibratory steel-wheeled roller, and heavy rubber-tired
roller. Initial compaction may be combined with the placement of the soil cement with a tamping
bar as mentioned in section 2.4.1.2. If the tamping bar is not used, a sheepsfoot roller, seen in
Figure 2.16, is then used to initiate compaction. A vibratory steel-wheeled roller, seen in Figure

2.17, follows the initial compaction.
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Figure 2.16: Sheepsfoot roller

Figure 2.17: Vibratory steel-wheeled roller

When finishing the soil cement base layer, a multiple-wheel rubber-tired roller is used for
fine-grained soils. A vibratory steel-wheeled roller, without vibration, or a heavy rubber-tired
roller is used for more granular soils (ACI 230 2009). To obtain adequate compaction, it is
sometimes necessary to operate the rollers with ballast to produce greater contact pressure (ACI

230 2009). The general rule is to use the greatest contact pressure that will not exceed the bearing
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capacity of the soil cement mixture (ACI 230 2009). A finished compacted layer tends to range
from 6 to 9 inches in depth (ACI 230 2009).
2.4.1.4 Curing

Curing begins as soon as the compaction and finishing process has been completed.
Strength gain of soil cement is dependent upon time, temperature, and the presence of water (ACI
230 2009). Proper curing is very important in order for continued hydration of the cement and
strong bonds are able to form between the cement and soil particles. The process generally takes
3 to 7 days, during which heavier equipment is not allowed on the soil cement section (ACI 230
2009). Lighter traffic is allowed on the completed soil cement immediately after construction
provided that the method of curing is not impacted (ACI 230 2009).

The two most popular methods of curing soil cement are water-sprinkling and bituminous
coating (ACI 230 2009). Sprinkling the surface with water until a bituminous cure coat or the 3-
to 7-day curing period is complete has proven successful (ACI 230 2009). Soil cement is
commonly sealed with emulsified asphalt in bituminous coating where the rate of application is
dependent upon the particular emulsion (ACI 230 2009). The rate typically varies from 0.15 to
0.30 gallons per square yard (ACI 230 2009). Before this bituminous coat can be applied, the soil
cement should be moist and free of dry, loose material (ACI 230 2009). Figure 2.18 shows a

bituminous coat applied to the compacted soil cement for curing.
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Figure 2.18: Emulsified asphalt coating the compacted soil cement

Concrete curing compounds can be used to cure soil cement as well but should be applied
at a rate of 1-1/2 times its normal application rate for concrete (ACI 230 2009). Soil cement curing
can also be accomplished by covering it with wet burlap, plastic tarps, or moist earth (ACI 230
2009). If temperature were to drop below freezing during the curing period, insulation blanket,
straw, or soil cover would commonly be used to protect the soil cement (ACI 230 2009).

2.4.2 Quality Control and Assurance Testing

Quality control is testing of the soil cement base as it is being produced in order to make
sure the base is meeting the proper requirements and specifications. Quality assurance is testing of
a final product that the contractor has constructed to establish if it is adequate for its intended use
and in accordance with the plans and specifications. Field inspection and testing of soil cement
construction involves controlling the following factors:

e Cement content,
e Mixing uniformity,

e Moisture content,

34



e Compaction,
e Compressive strength, and
e Lift thickness and surface tolerance.

The quality assurance of soil cement base as it pertains to compressive strength is covered
in section 2.5. Each of the other field testing and inspection method are discussed over the rest of
this section.
2.4.2.1 Cement Content

For mixing soil cement in-place where cement is spread by bulk cement spreaders, a check
on the accuracy of the cement spread is necessary to ensure that the proper quantity is being applied
(ACI 230 2009). This check is made in two ways: spot check and overall check. A spot check is
done by placing a sheet of canvas or tarp that is one square yard in area ahead of the cement
spreader. Once the spreader has passed, this sheet is carefully picked up and weighed, seen in
Figure 2.19. If necessary, the spreader is adjusted, and the procedure is repeated until the correct
coverage per square yard is obtained (ACI 230 2009). For slurry applications, the sheet is replaced
with a metal pan that would capture the liquid and then be weighed, as the cement content can be
determined by knowing the water-to-cement ratio of the slurry (ACI 230 2009). The overall check
takes the known weight of cement in the truckload and compares it to the area in which the
truckload placed the cement over and then compares that area to the theoretical area that the
truckload should have covered (ACI 230 2009). It is important to keep a continuous check on
cement-spreading operations as continuous adjustments may need to be made throughout

construction (ACI 230 2009).
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Figure 2.19: Cement content being checked (ACI 230 2009)

For a central mixing plant operation, proper proportions of cement and soil need to be
checked before they enter the mixing chamber (ACI 230 2009). Mixing soil cement in a batch-
type pug mill or rotary-drum mixing plant, proper quantities of soil, cement, and water for each
batch are weighed on scales prior to being transferred to the mixer (ACI 230 2009). These plants
are calibrated simply by checking the accuracy of the scales (ACI 230 2009). For a continuous-
flow mixing plant, there are two methods of calibration that can be used. The first is while the
plant is operating, soil passing through the plant during a specific time period is collected in a truck
and the same is done for the cement directly from the cement feeder. Both the soil and the cement
are then weighed. The cement feeder is adjusted as necessary until the correct amount of cement
is discharged (ACI 230 2009). The second is when the plant is operated with only soil feeding onto
the main conveyor belt. Soil is collected along a selected length of the conveyor belt and its dry
weight is determined. The same procedure is then repeated with cement only being feed onto the

main conveyor belt until the correct amount of cement is discharged onto the belt. Plants are
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typically calibrated daily at the project’s beginning and then periodically thereafter to assure no
changes have occurred in the operation (ACI 230 2009).

Determining the cement content of freshly mixed soil cement can be done using ASTM
D5982 (2015). This test can be conducted in the field and can provide accurate results in about 15
minutes to within 1 percent of the actual cement (ACI 230 2009). Some limitations of using ASTM
D5982 (2015) include: must contain 3 to 15% cement content, maximum particle size of the soil
cement can only be 3 inches, and at least 50 percent of the material must pass through the No. 4
sieve size.

The cement content of a hardened soil cement mixture can also be determined using ASTM
D806 (2019). ASTM D806 (2019) is based on the determination by chemical analysis of the
calcium oxide content of the sample. So, a limitation of using this test method is it should not be
used on soil cement material that contain soil or aggregate that yield significant amounts of
dissolved calcium oxide as it would affect the results of this test (ASTM D806 2019).
2.4.2.2 Moisture Content

As mentioned in previous sections, moisture is necessary to reach adequate compaction
and for hydration of the portland cement. The optimum moisture content is determined through
the moisture-density test, ASTM D558 (2019). Additional moisture may be added to account for
evaporation that normally occurs during construction (ACI 230 2009).

For quality control, an estimate of the moisture content of a soil cement mixture can be
made by feel or by observation (ACI 230 2009). A mixture near or at optimum moisture content
is just moist enough to dampen the hands when it is squeezed in a tight ball (ACI 230 2009).
Mixtures that are above optimum moisture content will leave excess water on the hands, while

mixtures below optimum will tend to crumble easy (ACI 230 2009). Checks of actual moisture
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content can be made daily by taking a sample, placing it in an oven-safe tin, and placing it in a
conventional oven until dry.

If the surface of the soil cement mixture becomes dry during the compaction and finishing
process, a very light spray of water can bring the moisture content back to optimum (ACI 230
2009). Proper moisture content of the compacted soil cement is evidenced by a smooth, moist,
tightly knit, compacted surface that is free of cracks and surface dusting (ACI 230 2009).
2.4.2.3 Mixing Uniformity

A thorough mixture of pulverized soil, cement, and water is necessary to make high-quality
soil cement (ACI 230 2009). For quality control purposes, mixing uniformity can be determined
by the look of the soil cement after mixing has been completed for the mixed in-place method. A
series of holes at regular intervals for the full depth of the treatment can be dug to inspect the color
(ACI 230 2009). If the mixture has uniform color from top to bottom, the mixture is satisfactory
but if there are streaks, then more mixing needs to be done (ACI 230 2009).

For central mixing plant operations, the uniformity is normally checked visually at the
mixing plant (ACI 230 2009). Once the soil cement mixture has been transported and placed on-
site, the same method as the mixed in-place method can be used to check the uniformity. The
mixing time necessary to achieve a uniform mixture will depend on the soil gradation and the plant
used (ACI 230 2009). With this method, the average mixing time varies between 20 to 30 seconds
(ACI 230 2009).
2.4.2.4 Compaction

The density requirement required by various owners ranges from 95 to 100 percent of the
maximum density as determined by the moisture-density test, ASTM D558 (2019). To determine

the in-place density, the most common methods include the nuclear gauge method (ASTM D6938
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2017), the Sand-Cone method (ASTM D1556 2015), and the balloon method (ASTM D2167
2015). The densities are determined daily at frequencies that vary per the states” Department of
Transportation and on the application of the soil cement (ACI 230 2009). Density tests are taken
immediately after rolling to determine if adjustments need to be made for the rest of the soil cement
compaction process to ensure compliance with job specifications (ACI 230 2009). Figure 2.20
shows the nuclear gauge method being done immediately after the rolling of a small portion of the
soil cement section. ALDOT (2012) specifies that measurements of in-place density be taken using
the nuclear gauge method. Most states prefer to use the nuclear gauge method because of how

quickly results can be obtained on-site even though the equipment may be relatively expensive.

Figure 2.20: Nuclear gauge method right after rolling

2.4.2.5 Lift Thickness and Surface Tolerance

The lift thickness of soil cement is checked when performing field density tests if using the
sand-cone or balloon method (ACI 230 2009). If using the nuclear gauge method, small holes must
be dug in the fresh soil cement to determine the thickness prior to density test on the compacted
soil cement. A two percent solution of phenolphthalein can be squirted down the side of a freshly

cut face of compacted soil cement. The soil cement will turn a pinkish-red, while the subgrade will
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remain its natural color, unless it is calcium-rich soil (ACI 230 2009). Lift thickness can also be
checked by coring the hardened soil cement. ALDOT (2012) requires coring to check for the
strength of soil cement, so the lift thickness is normally checked during the coring process. Lift
thickness is more critical for pavements than for embankment applications (ACI 230 2009).

Surface tolerances are usually specified for soil cement pavement applications (ACI 230
2009). Smoothness is usually measured with a 10-foot or 12-foot straightedge, or with surveying
equipment. The U.S. Army Corps of Engineers (USACE) and most states typically require that
deviations from the plane of a soil cement base cannot exceed 3/8 inch over 12 feet (ACI 230
2009).
2.5 Strength Evaluation
2.5.1 Overview of Alabama Department of Transportation Practice

The Alabama Department of Transportation (ALDOT) specifications for the construction
of soil cement follow Section 304 of the ALDOT Standard Specifications for Highway
Construction (2014). ALDOT 304 (2014) provides the specifications to construct soil cement for
a base, subbase, shoulder, or other structures. ALDOT specifies that soil cement shall be produced
using one of two methods, Mixed-In-Place or Central-Plant-Mixed method (ALDOT 304 2014).
The time allowed from the initial mixing of the soil cement until compaction is completed is two
hours (ALDOT 304 2014). Soil cement construction shall not take place if the air temperature is
below 40°F in the shade, when the soil temperature is below 50°F, or during rain or if rain is
imminent (ALDOT 304 2014). Once compaction is completed and the surface is finished, a prime
coat of “Bituminous Treatment, Type A, MC 30 or MC 70” shall be applied to the completed soil

cement structure (ALDOT 304 2014).

40



The type of soil that must be used in the construction of soil cement according to ALDOT
must meet a certain gradation. The gradation of the soil must meet the following requirements:
100 percent passing the 1.5 inch sieve, at least 80 percent passing the No. 4 sieve, between 15 and
65 percent passing the No. 50 sieve, and zero to 25 percent passing the No. 200 sieve (ALDOT
304 2014). The gradation must also contain 4 to 25 percent clay (ALDOT 304 2014). Chemical
properties of the soil must also meet the following requirements: zero to 25 percent liquid limit,
zero to 10 percent plasticity index, dry density must be 95 pounds per cubic foot or more, the pH
of the soil must be 4 or more, and the sulfate content must be no more than 4,000 parts per million
(ALDOT 304 2014).

During compaction, the moisture content must be 100 percent of the optimum moisture
content and not exceed 120 percent of the optimum moisture content (ALDOT 304 2014). The
required density shall be at least 98 percent of the theoretical dry density (ALDOT 304 2014).
ALDOT checks these values using a nuclear gauge over each section that can be no more than 528
feet (ALDOT 304 2014). Figure 2.21 shows a nuclear gauge used on an ALDOT soil cement

project.

Figure 2.21: Nuclear gauge
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ALDOT 304 (2014) states that the soil cement compressive strength needs to meet the
requirements stated in Table 2.5. At least two cores shall be taken to evaluate the in-place
compressive strength of the soil cement per each 528 ft section (ALDOT 304 2014). For a soil
cement base greater than or equal to 7 inches in depth, the core must be 6 inches in diameter and
for a soil cement base less than 7 inches in depth, the core must be 4 inches in diameter. Table 2.5
also defines the actions to take depending on the 7-day core strength result.

Table 2.5: ALDOT Compressive Strength Requirements

7-Day Compressive Strength (X) Specification Action
X <200 psi Remove and Replace
200 psi < X < 250 psi Price Reduction
250 psi < X < 600 psi No Price Reduction
600 psi < X < 650 psi Price Reduction
X > 650 psi Remove and Replace

The thickness is checked where the cores are taken (ALDOT 304 2014). The compacted
layer shall not be more than one half of an inch less or one inch more than the required thickness
(ALDOT 304 2014). When all of the quality assurance checks of density, strength, and thickness
have passed inspection, the contractor may then get paid.

2.5.2 Overview of Georgia Department of Transportation Practice

The Georgia Department of Transportation (GDOT) specifications for the construction of
soil cement follow Section 301 of the GDOT General Specifications for Base and Subbase Courses
(2019). GDOT uses Section 301 (2013) to construct soil cement as a base, subbase, and shoulders.
Section 301 (2013) specifies that soil cement must be constructed using the Mixed-In-Place or
Central-Plant-Mix methods. Soil cement should not be constructed if the air temperature is below
40°F and if the soil temperature is below 50°F. If construction of the soil cement is interrupted for
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more than two hours after cement has been added, or if rain increases the moisture content outside
of the limits, the section must be removed and replaced (GDOT 301 2013).

GDOT specifies that the soil used in soil cement construction shall all pass through the 1.5
inch sieve and at least 80 percent of the soil pass through the No. 4 sieve (GDOT 301 2013). This
applies for both methods of soil cement construction. All organics and rocks that exceed 3 inches
must also be removed (GDOT 301 2013). The maximum thickness allowed to compact is 8 inches
(GDOT 301 2013). Compaction of the soil cement mixture must begin within 45 minutes of water
being added to the mixture and must be done in 2 hours (GDOT 301 2013).

GDOT 301 (2013) requirements for quality control and assurance include compaction,
finishing, thickness, and strength. For compaction, a density of at least 98 percent of the maximum
dry density must be achieved. For finishing, the variation of slope and grade from the plans must
not exceed a quarter of an inch. Thickness shall not exceed more than half an inch absolute
difference from the specified plan thickness. And for strength, GDOT uses cores to test the
unconfined compressive strength. If the compressive strength falls below 300 psi and the density
is less than 98 percent, then more cores are taken and retested from the area. If the compressive
strength still falls below 300 psi then 135 pounds per square yard of asphaltic concrete needs to be
added to the area. If the compressive strength is less than 200 psi then the area needs to be
reconstructed. GDOT 301 (2013) does not specify what to do if the compressive strengths are too
strong.

GDOT 301 (2013) and ALDOT 304 (2014) have similar requirements for the soil cement.
Both states allow for either mixing method to be used. The time allowed to mix is the same. The

quality control and assurance tests are the same except for the compressive strength requirement.
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GDOT 301 (2013) does not specify an upper bound strength that is unacceptable while ALDOT
304 (2014) does at 650 psi.
2.5.3 Overview of North Carolina Department of Transportation Practice

North Carolina Department of Transportation (NCDOT) follows the NCDOT Standard
Specifications for Roads and Structures (Standard Specifications) when constructing soil cement
as a subgrade or base. For quality assurance testing of soil cement, NCDOT uses the Chemical
Stabilization Subgrade/Base QA Field Manual (2015). The field manual (2015) states that NCDOT
can use two types of chemical stabilization, cement or lime. Lime is generally used when the soil
contains a high clay content and cement typically reacts well with sandy or silty soils (NCDOT
Field Manual 2015).

The soil requirements are the same for both the lime and cement stabilization operations.
Before beginning to mix, each soil must be pulverized and mixed until all the material will pass a
one-half inch sieve and at least 80 percent passes the No. 4 sieve (NCDOT Field Manual 2015).
For the addition of cement, the moisture content of the mixture must stay in the range of plus or
minus two percent of the optimum moisture content. Any soil that has been treated with cement
has a maximum amount of time to be compacted and finished of 30 minutes (NCDOT Field
Manual 2015). For both lime and cement operations, the density that must be achieved is at least
97 percent along with maintaining their specific moisture content ranges (NCDOT Field Manual
2015).

The quality assurance procedures for NCDOT are to accept the density and the strength
performance. Density is measured using a nuclear gauge and shall be compared immediately to
the laboratory tested optimum moisture content and maximum dry density (NCDOT Field Manual

2015). The NCDOT Field Manual (2015) states that if this test is failed, the contractor may
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continue to compact until the allotted 30 minutes has run out to try and reach the 97 percent. If the
density is not achieved, more lime or cement shall be added, and density shall be tested again 24
hours later (NCDOT Field Manual 2015). Failure again may lead to the removal and replacement
of the material after the engineer inspects the section (NCDOT Field Manual 2015).

For strength, the NCDOT Field Manual (2015) states that one soil sample shall be collected
every 440 feet and compacted in a “split” Proctor Mold in accordance to ASTM test D698. The
cylinder must then cure for a seven-day period in a humidity room without being directly in contact
with water (NCDOT Field Manual 2015). An unconfined compression test following ASTM
D1633 procedures is then performed to make sure lime treated soils reach an average strength of
60 psi and cement treated soils reach an average strength of 200 psi (NCDOT Field Manual 2015).
The NCDOT Field Manual (2015) also states that cement treated specimens may not exceed 600
psi as soils this strong can create problems for flexible pavement structures.

If the contractor prefers not to do the compression tests, the NCDOT Field Manual (2015)
requires DCP tests to be conducted. NCDOT Field Manual (2015) suggests that the DCP is
normally only used for lime-treated subgrades, although it can also be used on soil cement
subgrades as well only if little curing time has elapsed. The NCDOT Field Manual (2015) requires
the DCP depth penetrated to be read in centimeters and plugged into the CBR equation shown as

Equation 2.1. It can then be converted to pounds per square inch using Equation 2.2.

CBR = 10[1-53~(L0gX)«1.066] (Equation 2.1)

Where;
CBR = California Bearing Ratio, and

X = penetration in centimeters.
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psi = (%)-658 x1.171 (Equation 2.2)

Where;

psi = compressive strength in pounds per square inch, and

CBR = California Bearing Ratio.

The NCDOT Field Manual (2015) randomizes the test locations but the number of
locations depends on the length of the soil cement section divided by 440 feet. The resulting
number is rounded up to give a total number of DCP test locations (NCDOT Field Manual 2015).
Each test location requires five DCP tests to be performed in the pattern shown in Figure 2.22
(NCDOT Field Manual 2015). The five tests are averaged together to gain a single CBR value to
plug into Equations 2.1 and 2.2 to determine the strength of the chemically treated subgrade
(NCDOT Field Manual 2015). The NCDOT Field Manual (2015) states that if the strength is not

reached, it needs to be reevaluated in order to determine if removal and replacement is needed.

Centered on stati d pull width 5
entered on station and pull wi . 3 foet

o o
—

Figure 2.22: NCDOT DCP test pattern (NCDOT Field Manual 2015)

2.5.4 Core Testing
Coring is a destructive test method done in order to obtain a sample of material for strength

tests to determine the in-place strength of the material. Coring is currently ALDOT’s quality
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assurance method of determining the in-place strength of soil cement as mentioned in section 2.5.1.

Figure 2.23 shows a core being removed on an ALDOT project.

Figure 2.23: Core removal process

There are several methods used to cut cores from the soil cement and condition them until
the time of testing. For the state of Alabama, ALDOT 304 (2014) states that the locations of cores
taken are to be randomly selected by the Engineer. ALDOT 419 (2008) specifies the requirements
for the coring operation and states that the coring equipment shall follow the specifications in
AASTHO T24. ALDOT 304 (2014) states that cores shall be 6 inches in diameter for soil cement
layers greater than 7 inches in thickness. If the core is not greater than 6 inches in height, then the
core must be taken again. Figure 2.24 shows a core that was taken that was too small because it
fell apart while being pulled out. Coring should be done dry but can be performed with a minimum

amount of water at a low flow as shown in Figure 2.23.
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Figure 2.24: A sampled core that is too small

All cores taken from the in-place soil cement base shall be placed in a plastic bag to
minimize moisture loss on site and during transportation to the lab (ALDOT 419 2008). If water
was used during the operation, the core shall be let to air dry in the shade for 30 minutes before
placing them in the plastic bag (ALDOT 419 2008). Once in the bags, the cores are to be placed
horizontally with at least half of their diameter embedded in a pre-dampened bed of sand in a
covered wooden box or cooler provided by the contractor and transported to the testing location
as soon as all cores have been removed (ALDOT 419 2008). The sample is removed from the
plastic bag and dry-sawn down to remove any irregularities to the surfaces upon arrival at the
testing location. ALDOT 419 (2008) states that both ends of the cores should be capped per
AASHTO T231 specifications using sulfur mortar only. Cores should only be tested when the
sulfur mortar has hardened (ALDOT 419 2008). Testing equipment shall meet AASTHO T22
guidelines and the person performing the test shall be an ACI certified Concrete Strength Testing
Technician (ALDOT 419 2008). Since the length-to-diameter ratio is less than 2, a correction

factor specified in AASHTO T22 shall be applied to the unconfined compressive strength results
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(ALDOT 419 2008). Once the cores have been extracted, the contractor shall fill the holes with
either the same mixture of soil cement or by other repair methods approved by the State Materials
and Tests Engineer (ALDOT 419 2008). If repaired with the soil cement mixture, it shall be placed
in increments of 3-inch thick layers at a time and consolidated by tamping (ALDOT 419 2008).
Core strength results from past ALDOT projects have been found to be highly variable. A
sample of these unconfined compressive strength results taken from ALDOT project STPAA-0052
(504) over the length of the roadway are shown in Figure 2.25. These results indicate that core

strengths are highly variable.
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Figure 2.25: Compressive strength from ALDOT project STPAA-0052 (504)
(McLaughlin 2017)
2.5.5 Dynamic Cone Penetrometer
The dynamic cone penetrometer (DCP) is an in-situ testing device used in field exploration,
and for quality control and quality assurance of compacted soils during construction. It is easy to
operate while being relatively inexpensive. The DCP was originally developed in South Africa for
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in-situ evaluation of pavement layer strength (Scala 1956). Ahsan (2014) states that the DCP has
been used in South Africa, the United Kingdom, Australia, New Zealand, and in few states in the
United States such as California, Florida, Minnesota, Mississippi, Texas, and North Carolina. The
DCP has been correlated to engineering properties such as the California Bearing Ratio
(Mohammadi et al. 2008), soil classification (Huntley 1990), and unconfined compressive strength
(McElavaney and Djatnika 1991; Patel and Patel 2012; Nemiroff 2016).

By changing the weight and or the drop height a dynamic cone penetrometer can be
configured for its intended use. ASTM D6951 (2018) is for DCP used in shallow pavement
applications and this DCP configuration consists of a 17.6 pound (8 kg) or a 10.1 pound (4.6 kg)
hammer with a drop height of 22.6 inches (575 mm). A schematic of this ASTM-standard DCP is

shown in Figure 2.26.
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Figure 2.26: ASTM-Standard DCP schematic (ASTM D6951 2018)
The ASTM-Standard DCP consists of a 5/8 inch (16 mm) diameter steel drive rod with a
replaceable point or disposable cone tip, a coupler, a handle, and a vertical scale (ASTM D6951
2018). Schematic drawings of a replaceable point tip and a disposable cone tip are shown in Figure

2.27 and Figure 2.28, respectively. The tip has an included angle of 60 degrees and a diameter at
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the base of 20 mm (ASTM D6951 2018). Figure 2.29 shows the use of a DCP with a magnetic

ruler for testing.

— 20 mm [0.79 in)

Figure 2.27: Replaceable point tip (ASTM D6951 2018)
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Figure 2.28: Disposable cone tip (ASTM D6951 2018)
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Figure 2.29: DCP equipped with a magnetic ruler used for testing

To use the DCP, the device is to be held plumb and the hammer raised to the maximum
height and then dropped. The penetration distance is read on the scale and recorded. There are two
methods to recording the distance after it has been dropped, using a magnetic ruler or manually on
a millimeter scale. A magnetic ruler will read it automatically after every drop, while a reading is
typically manually taken after every five drops on a millimeter scale. The readings obtained are
then used to calculate various parameters, one of which is the dynamic cone penetration index
(DCPI) using Equation 2.3 from Enayatpour et al. (2006).

pcpr = B2~ PRy Equation 2.3
= BC,  BC, (Equation 2.3)

Where:
PR = the penetration reading (mm),

BC = the blow count,

53



PR2 — PR: = the difference between two consecutive readings at different depths (mm),

and

BC. — BCy = the difference between two consecutive blow counts

The DCPI can be calculated after every five drops or can be calculated based on the total
penetration depth and blow count. The unconventional use of millimeters as units for penetration
was chosen as it is more accurate and easier to record penetration data in millimeters than in inches.
This unit convention has also been used previously by Ahsan (2014), Nemiroff (2016), and
McLaughlin (2017) during their investigations into using the DCP to determine strength of
stabilized soils.

Extensive research has been performed on soils that have not been stabilized on factors that
can affect the measurements. Plasticity, density, moisture content, and gradation affect the
measurements of the DCP (Kleyn and Savage 1982). Hassan (1996) concluded that moisture
content, AASHTO soil classification, confining pressures and dry density of fine-grained soils
affect the measurements. George and Uddin (2000) concluded that the maximum aggregate size
and the coefficient of uniformity could affect the DCP results.

Also, researchers have found that the DCP penetration slope, in penetration depth per blow,
is inversely related to the strength of the specimen being tested (McElvaney and Djatnika 1991;
Patel and Patel 2012; Nemiroff 2016). Therefore, a specimen that has a high strength will take
many more blows to reach a certain depth compared to a low strength specimen reaching the same
depth.
2.5.5.1 Configuration of DCP Strength Evaluation in Laboratory

Research pertaining to how to evaluate DCP strength results have been done in the

laboratory and in the field. Nemiroff (2016) evaluated the use of the DCP to estimate cylinder
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strengths in the laboratory. NCDOT (2013) has a field manual, mentioned in section 2.5.3, that
shows how the DCP was used and evaluated. McLaughlin (2017) used the DCP to assess the in-
place strength of soil cement base.

Nemiroff (2016) designed a concrete block that confines a cylindrical, plastic five-gallon
bucket with a 12-inch diameter and a 14-inch height. The buckets were chosen based on research
performed by Enayatpour et al. (2006) as the bucket allowed for a 10-inch tall specimen to be
produced and a large enough diameter for the DCP to collect representative data (Nemiroff 2016).
A schematic of the confinement block is shown in Figure 2.30. Figure 2.31 shows the reinforced
concrete confinement block with and without a DCP specimen inside. The confinement block was
necessary to replicate the confinement present in field conditions when testing an in-situ base

(Nemiroff 2016).
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Figure 2.30: Designed reinforced concrete confinement block schematic (Nemiroff 2016)
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Figure 2.31: Reinforced concrete confinement block with and without a DCP Specimen

(Nemiroff 2016)

Nemiroff (2016) compacted the soil cement in the mold using a Kango 900B % in. Hex
Demolition Hammer based on recommendations from ASTM C1435 (2014). A circular steel
tamping plate welded to a steel shaft was attached to the compaction hammer to simulate the
vibrating roller used to compact soil cement in field construction as seen in Figure 2.32 (Nemiroff
2016). The production of the specimens started immediately after the soil cement mixing was
completed (Nemiroff 2016). An empty five-gallon bucket was placed inside the concrete block
with marks at 4.5 inches, 7.5 inches, and 11.5 inches from the bottom for where the soil cement
would be compacted into three equal lifts to ensure the entire specimen would be compacted
equally, similar to the compaction method used in ASTM D1557 (2012) (Nemiroff 2016). The
DCP compaction pattern followed ASTM D1557 (2012) for each compaction layer as shown in
Figure 2.33. For positions 1 through 4, the vibrating hammer was run for 3 seconds each. The
hammer then moved in a circular pattern making one revolution every 14 seconds. Three complete
revolutions were made before stopping the vibratory compactor and the next layer was filled. This

was done until three DCP specimens were made using the same soil cement mixture.

56



Figure 2.32: Vibrating compaction hammer with circular steel plate

Figure 2.33: DCP specimen compaction pattern (ASTM D1557 2012)

Curing of these laboratory DCP specimens began as soon as the compaction process was
completed. The buckets were covered with a lid and moved to a moist-cure room. Once in the

moist-curing room, the lids were removed for a few minutes to allow moist air to enter the bucket
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and the lid was then placed back on the bucket (Nemiroff 2016). After 12 to 48 hours, the lid was
removed and replaced with a plastic sheet and attached using plastic clips to prevent water from
entering the specimen (Nemiroff 2016). After the specified amount of time was spent in the cure
room, DCP tests were performed at three and seven days. The DCP specimens were moved back
to the concrete confinement block where the DCP was seated in the center of the specimen and
run to a depth of 8 inches. The three DCP specimens tested were then combined for a single DCP
penetration slope result (Nemiroff 2016).
2.5.5.2 Configuration of DCP Strength Evaluation in Field Construction

McLaughlin (2017) followed a similar configuration pattern as NCDOT field manual
(2013) discussed in section 2.5.3. A schematic of the testing locations in the field are shown in
Figure 2.34. The DCP was tested at each sampling location for the molded cylinders and at the

core testing locations in the pattern shown in Figure 2.35.
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Figure 2.34: Field testing locations (McLaughlin 2017)
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- 14 .
Figure 2.35: DCP testing pattern (McLaughlin 2017)

The number of DCP tests were reduced to three in a triangular pattern from the NCDOT
field manual (2013) to reduce the number of DCP blows and thus technician effort (McLaughlin
2017). Each of the tests were conducted two feet apart from each other so that the tests would not
be impacted by the previous ones, yet the tests are close enough to each other so that an average
would characterize the in-place strength at the location. The average DCP result would be inserted
into the Nemiroff (2016) equation that is covered in section 2.5.5.3. The tests were run to a depth
of 8 inches.
2.5.5.3 Correlation between DCP and Unconfined Compressive Strength

Research has been completed on various soil types to determine a relationship between the
dynamic cone penetration index and the unconfined compressive strength. The first were
laboratory studies performed by McElvaney and Djatnika (1991) on silty clay, clay, and sandy
clay with and without the addition of lime. McElvaney and Djatnika (1991) perfomed DCP tests
using an ASTM-standard DCP hammer of 17.6 pounds on specimens that were 5.98 inches (152
mm) in diameter and 4.57 inches (152 mm) tall. The test specimens were penetrated a total of 50

millimeters. The unconfined compressive strength tests were conducted using BS 1924 (1990) on
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specimens with a L/D ratio of 2.0 (McElvaney and Djatnika 1991). McElvaney and Djatnika
(1991) concluded that the DCP can be used to provide an estimate of the unconfined compressive
strength of lime-stabilized soil mixtures. It was also concluded that since the inclusion of data for
material with zero lime content had negligible effects, the correlation is a function of strength and
not the way the strength is obtained (McElvaney and Djatnika 1991). McElvaney and Djatnika
(1991) developed three correlations shown in Equations 2.4 to 2.6 but cautioned these might only
apply to lower strength values.
50 percent probability of underestimation:

log(UCS) = 3.56 — 0.807log (DN) (Equation 2.4)

95 percent confident that probability of underestimation will not exceed 15 percent:

log(UCS) = 3.29 — 0.809log (DN) (Equation 2.5)

99 percent confident that probability of underestimation will not exceed 15 percent:

log(UCS) = 3.21 — 0.809log (DN) (Equation 2.6)
Where:

UCS = the unconfined compressive strength (kPa)
DN = the DCP reading (mm/blow)
McElvaney and Djatnika (1991) plotted the results shown in Figure 2.36 of both stabilized

and non-stabilized material versus the results of the DCP.
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Figure 2.36: Correlation between unconfined compressive strength and DCP results
(adapted from McElvaney and Djatnika 1991)

Next, Patel and Patel (2012) conducted tests on in-situ conditions simulated in the
laboratory on ASTM classified soils of CH, CI, CL, CL-ML, MI, SC, and SM-SC. These soils
were also tested while being stabilized with cement, lime, and fly ash. The DCP tests were
performed using an ASTM-standard, 17.6-pound hammer on soaked and unsoaked specimens
using an automated DCP device (Patel and Patel 2012). The penetration was recorded up to 300
millimeters. Unconfined compressive strength was tested in accordance with Indian Standard 2720
(1980), using a L/D ratio of 2.0. Patel and Patel (2012) obtained the following equation for
stabilized and non-stabilized soils:

UCS = 3.1237 = DCP[ 0865 (Equation 2.7)
Where:

UCS = the unconfined compressive strength (N/mm?), and
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DCPI = the dynamic cone penetration index (mm/blow).

Patel and Patel (2012) concluded that the correlation between the unconfined compressive
strength and DCPI were independent of soil type and the use of cement, lime, or fly ash. Figure
2.37 shows the correlation Patel and Patel (2012) found between the unconfined compressive
strength and the dynamic cone penetrometer index for a wide variety of soils that were stabilized

using cement, lime, and fly ash and non-stabilized soils.
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Figure 2.37: Correlation between unconfined compressive strength and DCP results
(Patel and Patel 2012)

Enayatpour et al. (2006) performed a series of laboratory tests on cement and lime
stabilized soils to correlate the unconfined compressive strength with the DCP. Enayatpour et al.
(2006) related percent content of cement and lime with the DCP index to estimate the unconfined
compressive strength. The coefficient of determination for both equations below, cement and lime,
are 0.97 and 0.91 respectively. Figure 2.38 shows the results of the predicted strengths of the
specimens using the equations versus the measured strength of the specimens. The equations for
cement and lime are shown in Equations 2.8 and 2.9 (Enayatpour et al. 2006).

For soils treated with cement:
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qc. = 470.0 +104.3 « CC + 201.0 * t — 4052.7 x DPI (Equation 2.8)
For soils treated with lime:

qc = 341.2 - 26.2* LC + 21.6 xt + 335.7 x DPI (Equation 2.9)
Where:

gc = unconfined compressive strength (kPa),
CC = cement content (%),

LC = lime content (%),

t = curing time (days), and

DPI = dynamic cone penetrometer index (mm/blow).
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Figure 2.38: Comparison between predicted and experimental results
(Enayatpour et al. 2006)

Nemiroff (2016) conducted tests on in-situ conditions simulated in the laboratory on
ASTM classified soils of SC, SP, and SP-SC stabilized with cement. The tests were performed
with an ASTM-standard DCP hammer of 17.6 pounds on 3- and 7-day cured soil cement
specimens. The specimens made in a five-gallon bucket were made to simulate the 8-inch lift

thickness of constructed soil cement. The first inch (25 mm) of penetration was discarded as per
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ASTM D6951 (2018) to allow the DCP to be seated and the next 7 inches (160 mm) were recorded.
Nemiroff (2016) determined that a 75-millimeter (3-inch) penetration depth was the ideal
penetration depth because it produced the best results with the least amount of technician effort.
This depth of penetration was also recommended by McLaughlin (2017). McLaughlin (2017)
concluded that the 75 millimeter depth produces the most efficient results in the field which
matches the laboratory results of Nemiroff (2016). Unconfined compressive strengths were
determined following the modified ASTM D1632 (2017) method that Wilson (2013) created using
a L/D of 2.0 (Nemiroff 2016). Nemiroff (2016) recommended Equation 2.10 for soil cement
applications. Nemiroff (2016) used a total of 185 cylinders and 57 DCP specimens to determine
the relationship. The equation is valid for a strength range between 100 and 800 psi, which causes
ALDOT’s range for soil cement.

MCS = 926 ¢~ 0:615DCP (Equation 2.10)
Where:

MCS = molded cylinder strength (psi), and

DCP = dynamic cone penetrometer slope (mm/blow).

Nemiroff (2016) determined the best way to show the correlation between the unconfined
compressive strength and the DCP slope for typical soils used for soil-cement applications was a
logarithmic relationship. Figure 2.39 shows the relationship recommended by Nemiroff (2016). It
was concluded that the correlation between unconfined compressive strength and the DCP was

independent of soil type and the amount of cement that was used to stabilize the material.
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Figure 2.39: Correlation between molded cylinder strength and DCP slope results

(Nemiroff 2016)

2.5.6 Molded Cylinder Strength

2.5.6.1 Strength Correction Factors for Length-to-Diameter Ratios

1.75 or less, the compressive strength needs to be multiplied by the appropriate strength correction
factor. ASTM D1633 (2017) suggests the use of the same strength correction factors be used for
soil cement specimens. Wilson (2013) performed a study on L/D strength correction factors for
correcting unconfined compressive strength of soil cement cylinders. Wilson (2013) showed that
the ASTM C39 (2020) L/D strength correction factors were not applicable to soil cement cylinders
when made using ASTM D1632 (2017). The unbiased estimate of the standard deviation for the

error of using ASTM C39 (2020) correction factor was six times greater than that of using no

ASTM C39 (2020) states that if a cylindrical specimen’s length-to-diameter ratio (L/D) is
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correction factors (Wilson 2013). Wilson (2013) recommended that no L/D strength correction
factor be applied for L/D ratios of soil cement that ranged between 1.0 and 2.0.
2.5.6.2 Proctor Molded Specimens

Soil cement compressive strength was first conducted using a specimen size of 4.0 inches
in diameter and 4.58 inches in height with a L/D ratio of 1.15 (ASTM D559 2015). Figure 2.40
shows the geometry of the Proctor mold. ASTM D1633 (2017) states that using a specimen of this
size gives a “relative measure of the strength rather than a rigorous determination of compressive
strength”. As most soil testing laboratories have this equipment on hand, it is often used because

of its availability.

As an option to the full length stud,
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Figure 2.40: Proctor mold specifications diagram (ASTM D698 2012)

ASTM D1633 (2017) states that to use this method, at least 70 percent of the material must
be able to pass the 19.0 millimeter (% inch) sieve. To produce a soil cement specimen, ASTM
D698 (2012) outlines a specific technique and procedure. The method utilizes a Proctor mold and
a 5.5-pound hammer as shown in Figure 2.41. A soil cement mixture is placed in the mold in three

equal lifts and the hammer is dropped 25 times per lift around the specimen. Once three lifts are
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completed, the top portion of the mold is removed, and the surface is trimmed to the top edge of

the bottom mold.

Figure 2.41: Proctor mold and 5.5-pound hammer

ASTM D1632 (2017) specifies how the specimen should be handled once the specimen
has been made. The molded specimen shall remain in the Proctor mold in a moist room for 12
hours or longer, and once it is removed, the specimen shall be extruded from the mold (ASTM
D1632 2017). The soil cement specimen should then be placed back into the continuous moist-
curing room (ASTM D1632 2017). Before the unconfined compression strength testing, the
specimen shall be immersed in water for four hours and then tested immediately.
2.5.6.3 Plastic-Mold (PM) Method

Sullivan et al. (2014) developed a method using plastic molds similar to concrete to
produce and cure soil cement specimens in the laboratory and in the field. The method uses a
standard 3-inch by 6-inch plastic mold, which meets the single use concrete mold requirements
based on ASTM C470 (2015). Both Alabama and Mississippi have been doing research into using
the plastic mold method as quality assurance soil cement base. Sullivan et al. (2014) developed

the device for Mississippi and later, McLaughlin (2017) used it for research on Alabama soil
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cement projects. The methods have the same principle in determining the unconfined compressive
strength of a soil cement mixture in the laboratory and field settings. Sullivan et al. (2014) and
McLaughlin (2017) found that using the plastic-mold method was much easier and took less time
to create specimens than using the steel-mold method.

Most of the plastic-mold method equipment to create the specimen are still the same
between the two states. A steel mold was designed to allow a 3-inch diameter by 5.9-inch tall
specimen to be compacted while preventing the mold from distorting. The mold is mounted to a
11.4- by 9.5- by 0.5-inch steel plate. Figure 2.42 shows the PM specimen preparation apparatus.
The split-mold inner diameter is the same as the outer diameter of the plastic mold because it helps
facilitate alignment and prevents the plastic mold from distorting during compaction. The opening
of the split mold is held together with a vise-grip. The collar helps to temporarily contain soil
during the compaction process. Compaction is done by a modified Proctor hammer (10 pounds

dropped 18 inches) and is also shown in Figure 2.42.

Figure 2.42: Plastic-Mold preparation apparatus
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2.5.6.3.1 MDOT PM Configuration

The Mississippi Department of Transportation (MDOT) uses soil cement extensively as
quality base aggregates are in short supply (Sullivan and Howard 2017). Sullivan et al. (2014)
developed the PM method as a way to produce a feasible device that would produce reasonable
soil cement specimens that were not as variable as core testing. MDOT uses the same method that
was developed by Sullivan et al. (2014). This method uses a standard 3-inch by 6-inch mold, with
the bottom plastic ridge sanded away to provide a flush surface. A drill-press was is used to create
a 1.4-inch diameter hole through the center of the mold’s bottom. This hole is created to allow for
the specimen to be extruded without any damage. An aluminum plate that is 3 inches in diameter
and 0.06 inches thick is inserted into the bottom of the mold to cover the hole and provide a rigid
surface for extrusion. The plastic cut-outs from the drilling process are placed back over the bottom
of the mold and held in place with tape to provide a solid compaction surface. The modification

process is shown in Figure 2.43.

Alumunum Plate

Figure 2.43: Plastic mold modification (Sullivan et al. 2014)
Sullivan et al. (2014) produce the soil cement specimens using three pre-weighed lifts.
Each lift is compacted using five blows with the modified Proctor hammer and each lift is scarified
before adding the rest of the material. After the last lift, the collar is removed, and the material is

trimmed flush with the top of the mold with a straightedge. The mold is capped and Sullivan et al.
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(2014) found that this method produced between 92 to 100 percent of the target maximum dry

density. Equation 2.11 shows how the weight of each lift is determined (Sullivan et al. 2014).

1 M .
M) (Equation 2.11)

W-c=38xYax ( 100

Where:

Ws.c = Weight of soil cement material per lift (grams),

vs = Maximum dry density of soil cement mixture (Ib/ft%), and

OMC = Optimum moisture content of soil cement mixture (%).

The specimens were demolded using a vertical extruder after 24 hours. Measurements for
diameter and height are collected before placing inside of the moist-cure room. Curing of the
specimens followed the procedures of ASTM D1633 (2017) until strength testing was done on the
seventh day. The specimens are not soaked prior to compressive testing (Sullivan et al. 2014).
2.5.6.3.2 ALDOT PM Modification

ALDOT and McLaughlin (2017) collaborated to develop adjustments to the Sullivan et al.
(2014) method. ALDOT and McLaughlin (2017) modified the method because of the specimens

were coming out damaged during the extrusion process as seen in Figure 2.44.

Figure 2.44: Plastic-mold specimen damaged by the extrusion process (McLaughlin 2017)
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Instead of drilling a hole in the bottom, McLaughlin (2017) cut down the side of the plastic
mold with a box blade. The mold was sealed together with aluminum tape to remain closed during

the compaction process. The modification process of the plastic mold can be seen in Figure 2.45.

Figure 2.45: Plastic mold modification process (McLaughlin 2017)

Compaction of the soil cement specimens consisted of three equal lifts, not pre-weighed.
As the PM method is not dependent upon the water content, the specimens were able to be made
immediately after mixing. McLaughlin (2017) determined that using seven blows creates enough
energy for this size of a cylinder to compact the soil cement to a 98 percent density better than
using five blows that was set forth by Sullivan et al. (2014). After the last lift, the collar was
removed, and the material was trimmed down flush with the top of the mold with a straightedge.
A piece of aluminum tape was applied to the split of the mold to help avoid moisture loss after the
specimen was covered with a plastic cap.

The plastic-mold specimens were transported back to the lab and demolded after 24 hours.
To demold, the tape along the side was removed and the mold was pulled apart. The cylinder
would then just slide out. The specimens were then weighed, and the height and diameter
measurements were taken. Curing followed the method Nemiroff (2016) used for the steel-mold
cylinders where the specimens were placed in sealed plastic bags and put in the cure room until
the time of testing. Testing followed ASTM D1633 (2017) on the seventh day of curing with a few
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changes created by Wilson (2013) and McLaughlin (2017). First, the specimens were not soaked
four hours prior to compression testing. The loading rate was changed to 10 £ 5 psi/second. The
specimens were also not capped.
2.5.6.4 Steel-Mold (SM) Method

The Steel-Mold (SM) method pertains to the procedures of ASTM D1632 (2017). Wilson
(2013) studied the SM method to determine how best to produce and cure soil cement specimens.
ASTM D1632 (2017) procedures produce a soil cement cylinder that has a diameter of 2.8 inches
and a height of 5.6 inches that results in a L/D of 2.0; however, it is a laboratory procedure. The
specimen size gives a better measure of the compressive strength since it reduces the complex
stress that may occur during the shearing of the smaller L/D ratio specimens (ASTM D1633 2017).

The cylindrical steel molds used had an inside diameter of 2.8 £ 0.01 inches and a height
of 9 inches. A machined steel top and bottom pistons having a diameter of 0.005 inches less than
the mold, a 6-inch long mold extension, a spacer clip, two aluminum separating disks 1/16 inches
thick by 2.78 inches in diameter, and two ultra-high molecular weight polyethylene (UHMW)
plugs with a diameter 0.005 inches less than the mold are also necessary with the cylindrical steel
molds (ASTM D1632 2017). The dimensions of the equipment as well as the equipment are shown

in Figures 2.46 and 2.47.
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Figure 2.47: Steel-Mold equipment (Nemiroff 2016)
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To produce a specimen, a freshly mixed soil cement sample is tested to determine its
moisture content. Based on the moisture content and the moisture-density curve of the mixture, a
target mass is determined using Equation 2.12 to create a soil cement cylinder with a density of at
least 98 percent. The coefficient takes the volume of the cylinder and converts the weight from
pounds to grams.

Msc = 9.056 * y gy ]% (Equation 2.12)

Where:

Msc = mass of soil cement (grams), and

Vary = dry unit weight corresponding to composite sample moisture content, Ib/fts.

The mold and separating disks are lightly coated with a low-viscosity oil and placed on the
bottom piston. Once assembled, the extension is placed on top of the mold. The predetermined
amount of soil cement is then transferred into the mold where the smooth steel rod is used to tamp
the soil cement below the extension sleeve. The extension sleeve is removed, and a separating disk
and the top piston placed on top of the mold. The specimen is compacted until the top piston
touches the mold using a compacting drop-weight machine as shown in Figure 2.48. Once
compaction is completed, the pistons are replaced with the UHMW plugs to limit moisture loss.
Metal foil tape is wrapped around the plugs to add an extra layer of moisture loss prevention during

the initial stages of curing. Figure 2.49 shows the SM cylinders once they have been completed.
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Figure 2.48: SM cylinder compacted with drop-weight machine

Figure 2.49: SM cylinders during initial curing period
The steel-molds are then transferred out of the sun or to a location in the laboratory where
they had limited exposure to the elements to eliminate chances of rapid evaporation for at least 12
hours. The specimens are then transported to the laboratory where the specimens are extruded from

the mold using a vertical specimen extruder. Nemiroff (2016) adjusted the curing method by
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immediately placing the SM specimens into sealed plastic bags and then placed the bagged
specimens inside a moist-cure room. This method was used as specimens placed without bags in

the moist-cure room became soft and did not gain strength from three to seven days (Nemiroff

2016).
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Chapter 3

Experimental Plan

3.1 Introduction
3.1.1 Laboratory Testing Phase

The main objective of this laboratory testing phase is to establish a method to reliably
assess the strength of soil cement base. To accomplish this, a laboratory experimental testing
program is developed similar to that of Nemiroff (2016). This chapter provides an overview of the
laboratory testing program. For the laboratory testing program, an outline of the soil cement
mixtures from each pit location is defined with details of all testing procedures. The preparation
and curing methods for soil cement cylinders and DCP specimens are also discussed in detail along
with the equipment used.
3.1.2 Field Testing Phase

At the time of this research project, the U.S. Highway 84 bypass East of Elba, Alabama
was being constructed with soil cement as the base of the roadway. Numerous trips were made to
Elba to assess the strength of the soil cement base being placed by S.A. Graham Company out of
Brundidge, Alabama as the contractor for ALDOT. This chapter provides an overview of the field
testing program. For the field testing program, the soil cement mixture used on site is described
and its mixture proportions defined. The reason for selecting the specific sampling and testing
locations for all test types is discussed. The procedures for procuring the soil cement specimens
and performing DCP tests in the field are explained. How the compressive strength of the cylinders
are compared to the DCP results is explained. The preparation and curing methods for soil cement

cylinders are also discussed in detail along with the equipment used.
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3.2 Laboratory Testing Program

In order to more accurately assess the strength of soil cement base in the field, more
laboratory work was done following a similar laboratory testing program as Nemiroff (2016).
Figure 3.1 shows a summary of the laboratory testing program that was developed. Two strength
testing methods were used: Plastic-Mold Method (AASHTO Method PP 92) with adjusted
modifications from McLaughlin (2017) for soil cement cylinders and ASTM D6951 (2018) for
DCP testing. The plastic-mold cylinders were tested for their unconfined compressive strengths at

ages of 3 days and 7 days. The DCP specimens were tested at the same ages of 3 days and 7 days.

Laboratory Testing Program

Plastic-Mold :
Cylinders DCP Testing
Unconfined DCP
Compressive .

Strength Penetration

Figure 3.1: Summary of Laboratory Testing Program
Different soils were tested at different cement contents and because of that, different
strength ranges were achieved. Figure 3.2 provides a summary of the materials and variables
considered. The soils are first described by their respective AASHTO soil classifications. Next,
shows the strength range that will try and be reached while differing the cement contents. Lastly,

the age of determining the unconfined compression strength of each specimen is shown.
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Figure 3.2: Summary of materials and variables considered

All soils used in the soil cement mixtures were collected from borrow pits that have been
used for soil cement base projects or collected from a soil cement base project site that was ongoing
during this research. This ensures the best representation for comparison between DCP and
cylinder strength in the laboratory mixtures to the field mixtures. Each soil was tested to determine
the USCS and AASHTO soil classification. Each soil was mixed with a range of cement contents.
Using a proctor test, the optimum moisture content and maximum dry unit weight that
corresponded to a specific cement content was found. The percentage of cement used was
determined to target three strength ranges: low (100 to 250 psi), moderate (250 to 600 psi), and
high (600 to 800 psi). The moderate range corresponds with the acceptable values specified by
ALDOT 304 (2014).

Like Nemiroff (2016), an evaluation of whether soil classification had an impact on soil
cement strength or cement content will be conducted. From Nemiroff (2016), the curing method
used consisted of placing the cylindrical specimens into a sealed bag and then placing them in a
moist-cure room. With ALDOT’s acceptable range of placement strength being 200 psi to 650 psi,
the suitability of the DCP to penetrate strengths from 150 psi to 800 psi will be evaluated. The

depth of penetration that would be the most feasible and give the most accurate results will be
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determined. A logarithmic expression based on the findings of Nemiroff (2016) and new points
found through these experiments will then be used to find the best expression that provides the
best fit correlation between the plastic-mold cylinder strengths and the DCP tests.

3.2.1 Correlation between Molded Cylinder Strength and DCP

Nemiroff (2016) proposed an expression to correlate the different DCP results to the
cylinder strengths obtained by the cylinders created by using the modified ASTM D1632 method
(Wilson 2013). Using the PM device to create cylinders, data points will be added to the data that
Nemiroff (2016) had collected. The study consists of testing various mixtures of soil cement with
different soil types and varying amounts of cement that will produce a range of strengths. The
unconfined compressive strength of the soil cement cylinders will then be compared to the depth
penetrated to blow count ratio of the DCP tests. The correlations will then be compared and added
to the logarithmic expression that Nemiroff (2016) recommended.

3.2.2 Suitability of the Dynamic Cone Penetrometer (DCP)

Nemiroff (2016) and McLaughlin (2017) evaluated the suitability of the DCP to determine
the strength of soil cement base. The DCP will be tested at unconfined compressive strengths
ranging from 100 psi to about 1,000 psi to evaluate its suitability to test material with this high
strength. This is necessary, as most other researchers (NCDOT Field Manual 2014; Patel and Patel
2012; McElvaney and Djatnika 1991; Enayatpour et al. 2004) have used the DCP on lower strength
subgrade and subbase material. During the evaluation, testing will be performed to find the most
efficient DCP penetration depth while also considering technician effort. The most efficient depth
will be determined by analyzing penetration depths from 1 inch to a full depth.

3.2.3 Laboratory Mixtures Evaluated
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Three different classifications of soils will be sampled from Central and South Alabama.
Figure 3.3 labels each soil as they are referred to throughout the research. The soil types are further

introduced in the next sections.

Figure 3.3: Soils used during testing

3.2.3.1 Waugh Clay and Waugh Sand

Waugh Clay and Waugh Sand will be used as it is the same soil from the same pit used by
Nemiroff (2016). Samples will be collected from a pit owned by Newell Construction in Waugh,
Alabama. The location of this borrow pit is shown in Figure 3.4 and the coordinates are N

32.366983, W -86.042014. The sand and clay samples will be mixed to create what will be called

Waugh soil.
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Figure 3.4: Location of the Waugh borrow pit (Google Maps)

3.2.3.2 Waugh Soil

According to ALDOT 304 (2014), a soil cement mixture needs to have a fines content of
5% to 35%. To create this, the Waugh Clay and Waugh Sand were mixed at a 20% to 80% ratio
respectively (Nemiroff 2016). This mixture will be referred to as Waugh soil throughout the rest
of the research. To create a wide range of strengths, from about 150 psi to 800 psi, the cement
contents mixed with the dry Waugh soil will be 4, 5, 6, 8, and 10 percent cement by weight of dry
soil.
3.2.3.3 Elba Soil

Elba soil was collected from a soil cement base project that was ongoing during the time

of this research project. The contractor on site was S.A. Graham. The project was along Eastbound
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U.S. Highway 84 to the East of Elba. The location where soil was sampled for the project is shown

in Figure 3.5 and the coordinates were N 31.400602, W -86.006807.

Elba Soil
Collection

Figure 3.5: Map of Project Site where Elba soil was collected (Google Maps)

To create a range of strengths from 150 psi to 800 psi like the Waugh soil, the cement
contents were changed to be 5, 6.5, and 8 percent to the dry Elba soil. The 6.5 percent was also
prepared to allow for comparison to the results of the field testing.
3.2.3.4 Coarse Solil

Coarse sand will be collected from a borrow pit located in Emerald Mountain, Alabama
owned by Foley Materials. This coarse sand is normally used as a fine aggregate while mixing
concrete so it has a larger fineness modulus than the other soils. In order to create a soil cement
mixture, this coarse sand will be mixed with Waugh clay at a ratio of four to one, or 80 percent
coarse sand to 20 percent Waugh clay. This mixture of soils will be known as Coarse soil through

the rest of this report. The location of this borrow pit is shown in Figure 3.4 and the coordinates
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were N 32.415318, W -86.179164. To create a range of strengths from 150 psi to 800 psi, the

cement contents will be 4, 6, 8, 9, and 10 percent by weight of dry Coarse soil.
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Figure 3.6: Coarse soil sample location (Google Maps)

3.2.4 Material Classification

The geotechnical properties of each soil will be determined to allow their soil classification
to be determined. First, ASTM D422 (2007) will be used to determine the soil’s grain size
distribution. The soils will then be classified using both the American Association of State
Highway and Transportation Officials (AASHTO) method and the Unified Soil Classification
System (USCS) method. ASTM D698 (2012) was then used to run proctor tests to determine the
optimum moisture content and maximum dry density of the mixture of soil, cement, and water.
3.2.5 Soil Classification Impact

The effects of different soil types will be evaluated to determine its impact on strength of
the soil cement and the correlation between DCP output and molded cylinder strength. Different
soils were selected to compare the results of laboratory mixtures with low fines content to those
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made with a high fines content. The soils will also be tested to determine the cement content needed
to obtain the strength to meet ALDOT specifications.
3.3 Laboratory Testing Phase Procedures
3.3.1 Laboratory Mixing of Soil Cement

The soils collected from the borrow pits will be stored in five-gallon drums with a plastic
lining. The portland cement used for mixes will be Type I/Il. The water used in the mixes will be
collected from the City of Auburn’s public water supply.
3.3.1.1 Moisture-Density Curve

Before producing soil cement, a proctor test from which a moisture-density curve can be
obtained will be performed for each mixture with different cement contents. The optimum
moisture content and maximum dry density were determined using ASTM D698 (2012). This
information is very important when weighing out all the material before production. Method A is
used which uses a four-inch diameter mold. For this method, the specimen is compacted in three
equal lifts using 25 blows per lift. The weight of the mold and soil cement was weighed once
completely compacted. A sample from the soil cement is taken to determine the moisture content.
The results from each sample are then plotted to create the moisture-density curve. A curve is
added and the optimum moisture content and maximum dry density scaled off at the peak of the
curve as shown in Figure 2.2.
3.3.1.2 Batching

Before batching, the material that will be used is poured out on a plastic sheet and mixed
to make sure the moisture content is equal throughout the soil. This can be seen in Figure 3.7. A
moisture content of the soil was then sampled using ASTM D2216 (2010). Based on the optimum

moisture content and maximum dry density obtained from the moisture-density curve, the weight
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of the soil, cement, and water is weighed to achieve 100 percent density. The components will be
weighed out in five-gallon buckets to the nearest one hundredth of a pound and covered to

minimize moisture loss until the mixing has started.

Figure 3.7: Mixing of soil prior to batching

3.3.1.3 Mixing

A 2.5 cubic foot batch is needed to produce enough material to create the five plastic-mold
cylinders and three DCP specimens. A mortar mixer with a capacity of 12 cubic feet is powerful
enough to uniformly mix the full batch of material. The mixing will be performed by a
Multiquip/Whiteman WM120PHD mortar mixer as shown in Figure 3.8. Once mixing has been

completed, samples will be collected to determine the moisture content of the material.
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Figure 3.8: 12-cubic foot mortar mixer for soil cement mixing

3.3.1.4 Plastic-Mold Cylinder Production

The 3-inch by 6-inch plastic-mold cylinder production closely follows the method of
McLaughlin (2017) who changed the method slightly from the method that Sullivan et al. (2014)
from Mississippi State University created. The mold is to be cut down the side with a box blade,
same as McLaughlin (2017). After cutting, the mold is taped together with aluminum foil tape to
allow the cut to remain sealed during production of the specimen. The way the mold is taped is
changed from the McLaughlin (2017) method. McLaughlin (2017) used a single, vertical strip of
aluminum tape to seal the side as seen in Figure 3.9. The change to this added two strips of tape
from the top that wrap around one third of the circumference of the mold, centered on the cut, as
seen in Figure 3.10. This method will greatly reduce the chance of the taped mold splitting while

being compacted.
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Figure 3.9: McLaughlin (2017) tape arrangement

Figure 3.10: New PM tape arrangement
The plastic-mold cylinders are compacted using 7 blows per lift in accordance to
McLaughlin (2017) in order to obtain the 98 percent density required by ALDOT. Once

compaction is completed, the mold will be removed from the testing apparatus and the soil cement
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will be trimmed level with the top of the plastic-mold shown in Figure 3.11. A plastic cap will then

be placed on the top to prevent moisture loss.

Figure 3.11: Straightedge used to trim the soil cement to the top of the mold

3.3.1.5 DCP Specimen Production

The dynamic cone penetrometer specimens will be created using the method developed by
Nemiroff (2016) as previously presented in Section 2.5.5.1. Once complete, the buckets will be
removed from the concrete confinement block by grabbing the top edge of the bucket as to not
deform the bucket and fracture or disturb the freshly compacted DCP specimen that could happen
while removing with the handle.
3.3.2 Initial Curing
3.3.2.1 Plastic-Mold Cylinders

Sullivan et al. (2014) suggested plastic-mold cylinders be stored on site for one day before
moving to laboratory. This is used in the laboratory as well. The specimens shall be stored exposed
to laboratory air conditions in the mold for initial curing overnight. This was typically between 12

and 48 hours.
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The next day, the soil cement cylinders are removed from the plastic mold by removing
the cap and all of the tape. With the split being down the side, the mold is slightly pulled apart
until the cylinder would slide out. Removal of the cylinder from mold can be seen in Figure 3.12.
At this point, the weight, diameter, and height of the cylinder will be measured in order to calculate
the density of the specimen, described in Section 3.3.4.1.1. This is done to make sure the specimens

achieved the 98 percent of maximum dry density requirement.

Figure 3.12: Specimen removal from plastic-mold
3.3.2.2 DCP Specimens
The DCP specimens will be immediately covered with a piece of plastic and attached with
plastic clips around the edges, as seen in Figure 3.13. The specimens will be kept undisturbed in

the laboratory similar to the plastic-mold specimens overnight for 12 to 48 hours.

Figure 3.13: Initial curing of DCP specimen
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A study will be done on if the initial curing of the DCP specimens has an effect on the
strength. The second half of the study will switch the initial curing to the same done by Nemiroff
(2016). After compaction, the DCP specimens will be covered using a plastic lid and moved to
the moist-cure room. The plastic lid will be removed to allow the moisture to enter the top of the
specimen for about one minute, and then the lid will be placed back on and kept undisturbed in
the moist-cure room for 24 hours.

3.3.3 Final Curing
3.3.3.1 Plastic-Mold Cylinders

Final curing began as soon as the specimens were removed from the mold. The plastic-
mold cylinders were removed from the plastic-mold and sealed in a plastic bag. All air was
removed prior to sealing it shut and wrapping a rubber band around it. The cylinders were then
placed on their sides in the moist curing room which was kept at a temperature of 73 °F £ 3 °F.
The specimens remained there until it was time for compression testing. Figure 3.14 shows the

final curing.

Figure 3.14: Final curing of the PM cylinders

3.3.3.2 DCP Specimens
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The final curing for the plastic-mold specimens and DCP specimens occur at the same time.
The DCP specimens are moved from the laboratory to the moist curing room 12 to 48 hours after
compaction. The specimens are moved at the same time as the PM specimens described in section
3.3.3.1. These specimens are kept in the moist-cure room until time for testing.
3.3.4 Testing
3.3.4.1 Plastic-Mold Cylinder Testing
3.3.4.1.1 Moisture Content and Density

When the soil cement cylinder is removed from the plastic-mold, measurements of the
diameter, length, and weight are taken. A caliper is used to read the values of the diameter and
length of the soil cement cylinder. A measurement is taken at the top, middle, and bottom of the
cylinder with the caliper to obtain an average diameter of the soil cement cylinder. Two readings
are taken of the length of the cylinder to determine its average. Figure 3.15 shows how the diameter

and length of the cylinder are measured with the caliper.

AR

Figure 3.15: Measurements of the soil cement cylinder using a caliper
After the unconfined compressive strength test, described in Section 3.3.4.1.2, has been
completed, a sample of the soil cement is taken and put into an oven to determine a moisture

content of the cylinder. This sample serves as the moisture content used to find the dry density of
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the sample. The weights of the samples and equipment used are determined in accordance with
ASTM D2216 (2010). Figure 3.16 shows samples about to be weighed to the nearest hundredth

after having dried in the oven.

Figure 3.16: Dry soil cement samples about to be weighed
The dry density is determined by using Equation 3.1. The specimen’s dry density is then
compared to the maximum dry density to ensure the percent compaction has exceeded 98%.

Wsample

Yary = m (Equation 3.1)

Where;

Ydry = dry density,

Wsample = Weight of sample,

V = volume of sample, and

w = water content.
3.3.4.1.2 PM Cylinder Compressive Strength

Compression testing of the plastic-mold cylinders followed the changes that McLaughlin
(2017) made to the Wilson (2013) method that had modified ASTM D1633 (2007). A detailed

summary of the changes are in Section 2.5.6.3.2.
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For precise control of the loading rate, a 100-kip compression testing machine from Forney
was used and can be seen in Figure 3.17. The specimens were removed from the moist curing room
and taken out of the plastic bags one at a time. The specimens were tested in the machine. As seen
in Figure 3.18, the vertical axis of the specimen was aligned with the center of thrust from the

upper plate to avoid any load eccentricity that may impact the measured strength.

Figure 3.17: Forney 100-kip compression testing machine
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Figure 3.18: Specimen being tested in the 100-kip compression testing machine

The load applied to the specimens will be kept at a constant rate of 10 £ 5 psi/s until failure
occurs. Failure load will be recorded to the nearest 5 pounds. The compressive strength will then
be calculated by dividing the total failure load by the cross-sectional area of the specimen. The
average of the 5 specimens is then taken and rounded to the nearest 5 psi. As concrete tensile
strength relates to the strength of soil cement, ASTM C496 (2017) will be used for precision.

To determine if any outliers exist, the same method used by McLaughlin (2017) is used.
The coefficient of variation for compressive strength found in Wilson (2013) of 7.1 percent for no
capping of the specimen is used. Based on the number of test results, the multiplier of the
coefficient of variation from ASTM C670 (2015) shown in Table 3.1 is used to obtain an
acceptable range of results. The range is determined by taking the difference between the
maximum and minimum strengths and dividing by the average strength of the cylinders (ASTM
C670 2015). Since five cylinders were made for each testing day, the multiplier used will be 3.9
that yields an acceptable range of 27.7 percent. This method of identifying outliers is consistent

with the way Wilson (2013) and McLaughlin (2017) identified outliers.
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Table 3.1: Multiplier of Standard Deviation or Coefficient of Variation (Adapted from

ASTM C670 2015)

Multiplier of Standard Deviation
or Coefficient of Variation

2 2.8
3.3
3.6
3.9
4.0
4.2
4.3
4.4
10 4.5

Number of Test Results

[(o} Nooll ENN Nopl N2 |l - N V)

3.3.4.2 DCP Testing
3.3.4.2.1 Moisture Content and Density

For consistency, each DCP soil cement specimen is created in a five-gallon bucket.
Measuring of the volume of the DCP specimens is done prior to curing. The diameter around the
bottom and top of the bucket are measured, as well as the full height of the bucket. Once the soil
cement has been compacted in the bucket, five measurements are read with a ruler from top of the
bucket to the top of the soil cement. These are measured to the nearest 1/16 of an inch. Four of the
measurements were taken around the edge of the bucket and one was taken from the center to
average the full height of the soil cement specimen and is shown in Figure 3.19. This height was
subtracted from the total height of the bucket. This height is also used to interpolate the diameter
between the top and bottom of the bucket. The diameter of the top of the soil cement specimen
was averaged with the bottom diameter. The volume is then calculated using the volume equation

of a cylinder, height multiplied by pi and the radius squared.
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Figure 3.19: Height measurement of DCP specimen

The total weight of the soil cement specimen is measured just before DCP testing. At an
age of either three or seven days, the DCP test is run and the moisture sample is recorded. The
weights of the samples and equipment used were determined in accordance with ASTM D2216
(2010). The dry density is determined using Equation 3.1.
3.3.4.2.2 DCP Strength

Testing the dynamic cone penetrometer specimens follows the procedure of ASTM D6951
(2018). A 17.6-pound hammer with a 5/8-inch diameter steel rod with a 22.6-inch drop height met
the requirements of ASTM D6951 (2018) and was used. All tests were completed using a
replaceable 60-degree point tip that was replaced at maximum of 100 tests. The testing procedure
follows the same as Nemiroff (2016) with the exception of using a Kessler Magnetic Ruler instead
of manually recording readings. Figure 3.20 shows a picture of the Kessler Magnetic Ruler. The
Kessler Magnetic Ruler recorded penetration readings after every blow in millimeters. This

information is transferred directly from the magnetic ruler to a computer using a flash drive.
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Figure 3.20: Kessler Magnetic Ruler

The DCP specimens were taken out of the cure room and transported back to the concrete
block in which they were produced. The tip of the DCP is seated 1 inch (25 mm) to ensure the
widest part of the tip is flush with the surface of the soil cement specimen. Figure 3.21 shows the
arrangement of the DCP testing in the bucket. In accordance with ASTM D6951 (2018), if the
penetration is less than 2 millimeters after 5 blows or the handle deflects more than 3 inches from
the vertical position, the test is stopped and assumed to have reached refusal. The DCP is removed

from the specimen by driving the hammer upwards against the top handle.
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Figure 3.21: DCP testing arrangement in the specimen

When the tests are completed and all the data has been collected, the penetration depth
versus the blow count is plotted. To determine if there are any outliers, McLaughlin (2017)
suggested an acceptable range between the DCP results of 50 percent. The procedure outlined in
ASTM C670 (2015) is used to determine the percent range of the three slopes. If the maximum
slope minus the minimum slope divided by the average slope of the tests multiplied by 100 is
greater than 50 percent, an outlier existed. Any outliers are removed from the data. A trend line is
produced from the three DCP tests in order to determine the slope of all of the tests. This slope is
then plotted against the cylinder strengths to produce a relationship between DCP slop and PM
cylinder compressive strength.
3.4 Field Testing Program

In order to evaluate the various strength testing methods of soil cement in the field, a testing
program was developed for an ongoing ALDOT project. Figure 3.22 shows a summary of the field

testing plan. Three different soil cement testing methods will be evaluated: a modified version of
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the Plastic-Mold method (McLaughlin 2017) for molded cylinder strength, Dynamic Cone
Penetrometer Method (ASTM D6951 2018), and core testing (ALDOT 419 2008). All molded
cylinders will be tested at seven days to determine their unconfined compressive strength. The
cores will be removed on the sixth day and tested on the seventh day for their unconfined
compressive strength in accordance with ALDOT 419 (2008). The DCP tests will be run on the
seventh day on the constructed soil cement base.

The results from the DCP tests will be converted into strength from the best-fit relationship
determined from the data collected by Nemiroff (2016) and the results of the before mentioned
laboratory study described in Sections 3.2 and 3.3. By converting the output from the DCP from
the strength, the DCP results can then be compared to the unconfined compressive strengths found

from testing cores and PM cylinders.

Field Testing
Program
I I
Plastic-Mold . Core
Cylinders | |PCP Testing Testing*
[ [ I
Unconfined DCP Unconfined
Compressive . Compressive
Strength Penetration Strength

I— 7 Day — 7 Day L 7 Day

*Note: All core testing done by ALDOT

Figure 3.22: Summary of Field Testing Program
3.4.1 Field Mixture
The field mixture evaluated for this research is shown in Table 3.2 and was developed by

the Contractor, SA Graham Company, Inc. These data were obtained from testing performed by

100



Carmichael Engineering, Inc. This information was available at the time of making field molded
specimens at the jobsite and was used during the production of the specimens. According to
AASHTO Soil Classification, the soil used during the project was A-2-4 (0).

Table 3.2: Mixture properties of field mixture

Project AASTHO Mixture P_ropertles (_)f Field Mlxtu_re

Location Classification Cement Optimum Moisture Maxw_num Dry
Content, % Content, % Density, Ib/ft3

Elba, AL A-2-4 (0) 6 13.0 116.9

3.4.2 Location of Project Site

The field testing will take place along U.S. Highway 84 bypass between Elba and New
Brockton, AL. The ALDOT project number was RPF-NHF-0012(507). The project’s objective is
to construct two new westbound lanes. The project location is shown in Figure 3.23 with beginning
coordinates of 31.401416 N, -86.010603 W and ending coordinates of 31.399468 N, -85.972982

W.

New Glorious
Church of God

— f
- — e & [
Shiloh Church ® *EvaigelistTemplerYoutl f ®'pea River Timber Co |

= ®'NewAbundant Life

= .‘\ M LLebanon True oW

eaof 11ue g
Gospel‘@ql[?_(_-&q_rat

g

Project End

Figure 3.23: U.S. Highway 84 bypass project location (Google Maps)

101



3.4.3 Testing Strategy within a Section

Through previous field testing of McLaughlin (2017), testing of a soil cement section is
considered. After further evaluating McLaughlin’s results and the Contractor’s practices, it was
decided to use more testing locations within a section. This includes four testing locations for the
PM cylinders and seven DCP testing locations. Figure 3.24 shows a schematic of the field testing
plan. A section for the U.S. Highway 84 bypass project is considered to be about 450 feet in length
which is the most the Contractor placed per day. The contractor planned to mix and compact half
of the total section with one cement truck, and then plans to move on to the second half of the
section in one day. Each of two parts within a section is labeled as a subsection. A more in depth
description of what each subsection was throughout the length of the field work phase is detailed
in Appendix N. Soil will be sampled at one-third and two-thirds the length of each subsection for
a total of four locations per section in order to make a total of twenty PM cylinders, or five per
sample location. The DCP will be tested at each sampling location for PM cylinders as well as at
each of the three core locations in the section. A DCP test will be performed within three feet of
the coring locations and within six feet of where the molded cylinder samples are taken. The core
locations will not be known until the soil cement has been in place for six days when the core
locations will then randomly be generated, so no PM samples will be compared directly to where
the cores will be taken from. The DCP tests at the core locations will occur on the same day of the
core being tested for its compressive strength, so mostly on the seventh day, or eighth day if the

seventh day falls on a Monday as the staff does not core on a Sunday.
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Section = 450 ft. (Determined by Contractor’'s means and methods)

Loc. (\I-} Loc. E Loc. 3 Loc
® ® | & ®
H X XK

.D
X,

Subsection X Subsection X+1

------------------------------------------------------------------

o
X
E

-------------------------------------------------------------------

Where:
® Sample location of PM cylinder material
@ Coring location performed by the contractor and tested by ALDOT
m Location where 5 DCP tests are performed
Figure 3.24: Field testing plan

At each testing location, five DCP tests will be conducted. This is two more than that tested
by McLaughlin (2017). NCDOT (2013) conducts five tests at each testing location as well. The
number will be increased to five in order to determine the number of tests needed to test material
with this variability while also being practical for a technician to conduct. The five DCP tests are
arranged in a square pattern with a location at the center as shown in Figure 3.25. The points at the
corners of the square are measured two feet apart from each other. The center location is one foot
down and one foot across from the corner. The tests are conducted close enough so that they can
be averaged together to represent the in-place strength at a location, yet not too close to be affected
by another adjacent test. The order of the tests are important to keep consistency through all tests

and be able to determine the number of DCP tests needed. The order was as follows: top left of
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square (UL), top right of square (UR), center (CE), bottom left of square (BL), and then bottom
right of square (BR).
2 ft X

ol

|
@
o

2 ft

* @ ®
Figure 3.25: DCP testing pattern
3.5 Field Experimental Procedures
3.5.1 In-Place Sampling of Mixed Soil Cement
To make the plastic-mold cylinders, material samples will be taken after mixing of the soil
cement mixture is finished in place. Samples will be taken twice from each subsection, for a total
of four per section, as shown in Figure 3.24. Figure 3.26 shows material that has been mixed and

is ready to be sampled.
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Figure 3.26: Material ready to be sampled for PM cylinder production

Each location will have its own five-gallon bucket where the material is collected and
covered by a lid immediately to reduce the loss of moisture. The sample buckets will then be
transported to the jobsite house where the plastic-mold cylinders will be made. The buckets will
be kept out of direct sunlight and protected from other sources of evaporation, such as wind, and
contaminations during the preparation of the PM cylinders.
3.5.2 Plastic-Mold Cylinder Production

Figure 3.24 shows that on each day, four locations will be sampled to make soil cement
cylinders, described in Section 3.5.1. The samples will be taken to the jobsite house located about
five miles east of the project, along the US Highway 84 bypass. The samples will be stored on the
porch that was roofed to keep the exterior conditions such as sun, wind, or rain from affecting the
moisture content of the sample while the cylinders are being made.

Just as in the laboratory, 3-inch by 6-inch plastic-mold soil cement cylinders will be made.

The plastic molds were cut and then taped together just like it is specified in Section 3.3.1.4 and
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shown in Figure 3.10. Figure 3.27 shows the soil cement cylinder being compacted. Five cylinders
will be made per sample bucket so a total of 20 cylinders will be made in a single day. The
specimens will then be capped with plastic caps immediately after completing the compaction

process.

Figure 3.27: Soil cement cylinder being compacted at jobsite house

3.5.3 Initial Curing

Sullivan et al. (2014) suggested that plastic-mold cylinders be stored on site until the
following day before being transported. This was also the process that McLaughlin (2017)
followed when creating field specimens. The specimens for this field portion will follow the same
guidelines. Specimens will be kept safe in the shade on the porch next to where the cylinders were
made as can be seen in Figure 3.28. The specimens will be kept on site for about 24 hours and then
transported back to the laboratory at Auburn University. The specimens are to be placed in a bin

and wrapped with soft towels to prevent damage during transport.
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Figure 3.28: PM specimens during initial curing on site

3.5.4 Plastic-Mold Extrusion

Once the PM specimens have safely been returned to the laboratory, the same extrusion
process used for the laboratory PM cylinders as described in Section 3.3.2.1. The tape is removed,
then the mold is split, and the cylinder is removed as shown in Figure 3.12. The cylinders will be
weighed and measurements will be taken of the diameter and height as can be seen in Figure 3.15.
These values will be used to calculate the density of each specimen. Each specimen will then be
placed into a plastic bag, sealed, wrapped with a rubber band, and placed in the moist-cure room
as described in Section 3.3.3.1.
3.5.5 Final Curing

The final curing of the plastic-mold cylinders will follow the same procedure as the
laboratory PM specimens. A detailed procedure is given in Section 3.3.3.1.
3.5.6 Testing
3.5.6.1 Plastic-Mold Cylinder Testing
3.5.6.1.1 Moisture Content and Density

Volume measurements, such as length, diameter, and weight, were determined before the

soil cement cylinders were sealed in plastic bags, as described in Section 3.3.4.1.1. Density is then
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determined by using Equation 3.1. Moisture contents will be taken using the same method used
for the laboratory specimens by following ASTM D2216 (2010). The compaction percentage will
then be determined by taking the dry density and comparing it to the maximum dry density as
stated in Table 3.2.
3.5.6.1.2 PM Cylinder Compressive Strength

Compression strength testing will follow the same testing practices described in Section
3.3.4.1.2 for the laboratory-produced soil cement cylinders. ASTM C670 (2015) will also be used
to determine if there are any outliers while using the same coefficient of variation for molded
cylinders of 7.1% that Wilson (2013) recommended. Five cylinders were made at each location,
same as in the laboratory, the same multiplier of 3.9 from Table 3.1 will be used.
3.5.6.2 DCP Testing
3.5.6.2.1 Moisture Content and Density

The moisture content and density of the in-place soil cement will be determined through
the use of a nuclear gauge, shown in Figure 3.29. The nuclear gauge will be run one time on each
subsection, as shown in Figure 3.24. Although the DCP tests will not be run directly where the
nuclear gauge test is run, the result of this singular nuclear gauge test per subsection is related to

all of the DCP tests run in that subsection.

Figure 3.29: Use of nuclear gauge on test section
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3.5.6.2.2 DCP Strength

The dynamic cone penetrometer testing will follow the procedure of ASTM D6951 (2018)
as discussed in Section 3.3.4.2. The tests will be completed using a replaceable point tip with a 60
degree angle which is shown in Figure 3.30. This tip is to be replaced after every 100 tests or when

it is visible that the tip has been damaged which may impact results.

Figure 3.30: Replaceable DCP tip
Before the tests are run, the DCP will be assembled and inspected for any damaged parts.
Testing will begin once all pieces making up the DCP pass inspection. The testing locations are
explained in Section 3.4.3 and are shown in Figure 3.24. Five tests will be conducted at each

location as specified by the pattern shown in Figure 3.25 and an example shown in Figure 3.31.
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Figure 3.31: Testing pattern for each DCP testing location

Before starting to record penetration depth readings, the DCP will be held vertically and
seated a depth of 1 inch (25 mm) into the soil cement base so that the widest part of the tip is level
with the surface of the soil cement. A Kessler Magnetic Ruler will be used to record data for the
DCP testing which allows for an easier one-person operation. The Magnetic Ruler and manual
ruler can be seen in Figure 3.32. The operator of the DCP will hold it up vertically, raise the
hammer until it makes light contact with the top handle, and will then release the hammer to initiate
a blow. The Kessler Magnetic Ruler specifications were covered in Section 3.3.4.2.2. When
reading the ruler manually, the penetration is recorded using the millimeter scale after every five
blows. This process continues until 175 millimeters of total penetration is reached, after seating.
If at any point the penetration is 2 millimeters or less after 5 blows or if the handle deflects 3 inches
from the vertical position, the test is deemed to reach the refusal limit and will be stopped in

accordance with ASTM D6951 (2018). After testing, the DCP is removed from the soil cement
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base by striking the hammer upwards against the bottom of the handle. When all five tests have
been completed at each location, the penetration depth versus the blow count will be plotted to
determine the average strength of this test location. To determine any outliers from the five tests,

the process used for the laboratory outlined in Section 3.3.4.2.2 will be used.

Figure 3.32: Magnetic ruler and manual ruler used for DCP testing

3.5.6.3 Core Testing

ALDOT Section 304 (2016) states that the Contractor must recover and test at least two
cores from random locations within each sampling interval. As mentioned earlier, this project
consists of 450-foot long sections. The Contractor decided to have three cores removed over each
section where two will then be chosen and averaged together. If the sixth day is on a Sunday, the
cores will be extracted on Monday and tested on Tuesday. The Contractor only placed soil cement
during the week so no testing occurred on the weekends. The three core locations per section will
be picked at random by the Engineer and then Carmichael Engineering will recover them for SA

Graham. Cores being recovered are shown in Figure 3.33.
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Figure 3.33: Core being recovered from the section
After removal, each core will be measured to make sure it meets the criteria. If the core
meets the height requirement as specified by ALDOT Section 304 (2016), it shall be placed in a
plastic bag to minimize moisture loss seen in Figure 3.34. The core will then be placed in a cooler
while being transported by ALDOT to their testing facility in Troy, Alabama. If the core does not
meet the height requirement, another core will be recovered from a nearby location. Multiple core
holes for a single location are shown in Figure 3.35. ALDOT’s 7th Division will perform all the

compressive strength testing on the cores obtained for this project.
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Figure 3.34: Core being placed in plastic bag

Figure 3.35: Multiple attempts at retrieving a valid core sample
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Chapter 4

Presentation and Analysis of Laboratory Testing Phase Results

4.1 Introduction

In this chapter, results of the laboratory testing phase described in Chapter 3 are presented
and discussed. An in-depth analysis of the dynamic cone penetrometer results with respect
compared to the plastic-mold cylinder strength results is presented. The correlation between the
two are then established and discussed with comparisons to other similar correlations. A summary
of all data collected are presented in Appendices A through H.
4.2 Material Classification

Section 3.2.4 described the methods to determine the AASHTO and USCS classification
of the different soils used in this project. Table 4.1 summarizes the results and classifications of
each of the soils. Gradation curves of the soils can be found in Appendix A. No liquid limit (LL)
or plasticity index (PI) was tested for the Coarse soil.

Table 4.1: Summary of soil properties and classifications

Percent Passing

Soil Name . LL Pl USCS AASHTO
#200 Sieve
Waugh Clay 38.9% 21* 18* SC A-6b
Waugh Sand 1.2% N/A N/A SP A-1b
Waugh 8.3% 14* 12* SP-SC A-2-6
Elba 0.9% N/A N/A SM A-2-4
Coarse 8.2% N/A N/A SW-SC A-1b

*Completed by Matt Barr (Nemiroff 2016)

4.3 Mixture Properties
Section 3.2.2 describes the laboratory test performed to collect the mixture properties of

each of the soils. Tables 4.2 through 4.4 show the cement contents, optimum dry densities, and
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maximum dry densities for Waugh soil, Elba soil, and Coarse soil, respectively. The Proctor

moisture-density curves for these mixtures can be found in Appendix A.

Table 4.2: Mixture properties of Waugh laboratory mixtures

Mixture Properties of Waugh Laboratory Mixtures

Cement Content, %

Optimum Moisture Content, %

Maximum Dry Density, lb/ft3

4 12.0 119.4
5 10.7 120.0
6 12.0 120.5
8 114 123.8
10 115 124.0

Table 4.3: Mixture properties of Elba laboratory mixtures

Mixture Properties of Elba Laboratory Mixtures

Cement Content, %

Optimum Moisture Content, %

Maximum Dry Density, lb/ft®

5 12.4 115.0
6.5 13.8 115.1
8 12.2 116.9

Table 4.4: Mixture properties of Coarse laboratory mixtures

Mixture Properties of Coarse Laboratory Mixtures

Cement Content, %

Optimum Moisture Content, %

Maximum Dry Density, lb/ft3

4 11.7 120.5
6 11.2 123.8
8 10.8 125.2
9 11.0 125.3
10 10.2 126.2
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4.4 DCP Initial Curing Study

Section 3.3.2.2 describes the two different types of initial curing methods used throughout
the laboratory testing phase. A total of three soil cement mixtures were made. A total of four DCP
specimens were compacted. Two DCP specimens using the plastic clip and plastic lid methods
were produced. Then a DCP test was run that compared the DCP slopes at a depth of 75 millimeter
on the seventh day. The results of this study are shown in Table 4.5. Using the plastic lid method
tends to have a slightly lower slope value than the plastic sheet and clips. There is minimal effect
on strength with how similar the slopes are while using these different initial curing methods for
the DCP specimens; therefore, with both curing methods showing similar results, all DCP
specimens produced using either method are combined in the final results. The 75 millimeter
penetration analysis of all initial curing study specimens can be found in Appendix B.

Table 4.5: DCP Initial Curing Study Results

Cement Content | Plastic Lid Method Plastic Sheet and Clip Percent
(%) Slope (mm/blow) Method Slope Difference
(mm/blow)
4 2.6432 2.8156 6.3%
6 2.0018 2.1116 5.3%
8 1.7364 1.9735 12.8%

4.5 Soil Classification Impact

Nemiroff (2016) found that soils containing less particles that pass through the No. 200
sieve, tend to need more cement content to reach higher molded cylinder compressive strengths.
This is also seen in the DCP results of Nemiroff (2016) that showed that more particles passing
through the No. 200 sieve needed more blows to penetrate further into the soil. However, both the
cylinder strength and DCP blow count increase, Nemiroff (2016) concluded that the best-fit

correlation between DCP output and compressive strength is unimpacted by soil type.
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Figure 4.1 shows a comparison of the plastic-mold cylinder strength results versus cement
content for the different soil classifications. Figure 4.2 shows a similar comparison, except using
the DCP slope results at 75 mm penetration depth versus the cement content of the soil cement
mixture. The DCP slope was obtained by penetrating the soil cement specimen at a penetration
depth of 75 millimeters. The data pertaining to this study can be found in Appendix C. These
slopes are further evaluated and discussed in Section 4.5.1. These results are similar to the literature
from ACI 230 (2009) that states “soils containing between 5% and 35% fines passing a No. 200

sieve produce the most economical soil cement” as well as results found in Nemiroft (2016).
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Figure 4.1: Effect of soil classification on PM cylinder strength
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Figure 4.2: Effect of soil classification on DCP slope

4.6 Suitability of Dynamic Cone Penetrometer

The suitability of the dynamic cone penetrometer was assessed to make sure that it would
penetrate the soil cement after curing. In accordance with ASTM D6951 (2018), if a penetration
of 2 mm was not reached over 5 blows, then the test was stopped as it had reached refusal by the
75 mm depth. Nemiroff (2016) ran tests of soil cement with a strength range from 100 psi to 1,000
psi and found that refusal was reached at 800 psi. Using different soils and cement contents, the
DCP was assessed again over the strength range of 100 psi to 1,080 psi. Table 4.5 provides a

summary of the penetration versus strength results obtained from this study.
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Table 4.6: Summary of the penetration versus strength investigation

Strength (psi) Refusal (Yes/No)
100 No
205 No
340 No
465 No
545 No
635 No
740 No
860 No
930 No
965 Yes
1080 Yes

The point of refusal was not obtained through the soil cement specimens at 75 mm until a
compressive strength of 965 psi was reached. At 965 psi, the DCP was unable to create any
penetration in the soil. The DCP was able to still penetrate in strengths well above 650 psi, the
maximum strength allowed by ALDOT, so no changes of the standard DCP as defined in ASTM
D6951 (2018) were needed.

4.6.1 DCP Penetration Depth Analysis

An analysis was performed on all of the retrieved DCP data. The figures presented in
4.5.1.1 through 4.5.1.5 are shown as a demonstration of the process used to analyze each soil
cement mixture. All graphs that are shown are from the same soil cement mixture; however, overall
conclusions are based on all the tests that were performed.

For each mixture design, the three DCP specimens that were created were tested. The
penetration data obtained were plotted on the x-axis against the DCP penetration in millimeters on
the y-axis. A linear-regression analysis was used on each set of data to determine the slope of the
best-fit line across different depths of analysis. The y-intercept was restricted to zero, as it is a fact

that all results started at zero. The penetration depths that were evaluated were 25, 50, 75, 100, and
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175 millimeters. All data recovered from the DCP test was processed to provide a data point at
every 5 millimeters of penetration. With the magnetic ruler pulling depth of penetration readings
after every blow, linear interpolation of the surrounding data was used to achieve a data point at
every 5 millimeters in depth. This was also deemed necessary as some weaker soils would have
too few data points for reliable regression analysis. A summary of the different penetration depths

is shown in Figure 4.3.

A

2W00Mmml

175 mm

Figure 4.3: Penetration depth summary

Nemiroff (2016) concluded that a 75 millimeter (3 inches) was the most ideal penetration
depth as it produced the best results with the least amount of technician effort. McElvaney and
Djatnika (1991) used penetration depths of only 2 inches. These penetration depths were analyzed
and compared to determine which penetration depth produced the most accurate results while using
the least amount of effort when performing a DCP test. A summary of all the data from each
mixture design can be found in Appendices D through H.

Outliers were determined through the same method used by McLaughlin (2017). Any data
that exhibited a range greater than 50 percent were deemed to contain an outlier test (McLaughlin

2017). The range was evaluated following ASTM C670 (2015). Once all three slopes of the three

120



laboratory tests were determined, the percent range was determined by taking the maximum slope
minus the minimum slope divided by the average of all three slopes. In the laboratory phase,
outliers were only found for the 25 millimeter depth analysis.
4.6.1.1 Twenty-five Millimeter Penetration Depth Analysis

An analysis was performed on only 25 millimeters (1 inch) of penetration. This depth is
about 15 percent of the full penetration depth, not including the seating depth. Example results
based on 25 millimeters of penetration are shown in Figure 4.4. The coefficient of determination
is as high as with some of the other analysis depths. There were also two outliers found in this
analysis while the other laboratory depths had zero. Based upon the results from Nemiroff (2016),

a one-inch depth was not the best at characterizing the results of the entire depth.
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Figure 4.4: Twenty-five millimeter depth penetration to blow count relationship
4.6.1.2 Fifty Millimeter Penetration Depth Analysis
Example results from this depth analysis can be found in Figure 4.5 for one of the mixtures.

The slope of this line compared to the 25 millimeter analysis decreased and the coefficient of
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determination increased leading to better results. This indicates a better linear relationship at this
depth than that of the 25 millimeter depth. Research performed by Nemiroff (2016) and

McLaughlin (2017) showed that the results from the DCP at 50 millimeters in depth would not be

much different than that of the 75 millimeter depth.
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Figure 4.5: Fifty millimeter penetration depth to blow count relationship
4.6.1.3 Seventy-five Millimeter Penetration Depth Analysis
Next, a penetration depth of 75 millimeters was analyzed to determine if this depth would
continue to produce the most accurate results with the least amount of technician effort, as
concluded by Nemiroff (2016) and McLaughlin (2017). An example of the relationship at an
analysis depth of 75 millimeters is shown in Figure 4.6. In this one example, the penetration slope
decreased from the 50 millimeter depth and the coefficient of determination increased. In this case,

this indicates that the soil cement gets a little stronger with depth while keeping a strong linear

relationship.
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Figure 4.6: Seventy-five millimeter penetration depth to blow count relationship

4.6.1.4 One-hundred Millimeter Penetration Depth Analysis

A penetration depth of 100 millimeters was then analyzed to determine if this depth would
show different results when compared to the 75 millimeter penetration analysis. This depth had
been seen to show very similar results to the 75 millimeter depth according to Nemiroff (2016)
analysis. This depth was checked to make sure the accuracy was still similar. An example of the
relationship at an analysis depth of 100 millimeters is shown in Figure 4.7. The penetration slope
decreased only a little from the 75 millimeter depth, but the coefficient of determination decreased

in this case.

123



Blow Count

0 10 20 30 40 50 60
0 - - : - :
1 X Test B-1
4 3 ; 3 e Test B-2
2 I ~ _____________________ A Test B-3
i{| —Linear (4 Inch Depth)
40 """"""" A """"""""""" """""""" y=2.0347x[""
T ‘ : ‘ : R2=0.9815
e T A SR S
g 1 | i |
N
=
- + ! ! ! ! !
B 80 Jorrrrr e . XMy e
Q -+ i 1 i '

100 J AR TN T

1 | Material = Waugh

120 17 Cement Content = 5%
1 | Age =7 days

T | Strength = 345 psi

140

Figure 4.7: One-hundred millimeter penetration depth to blow count relationship
4.6.1.5 Full-depth Analysis

The full set of data collected over a penetration ranging from 0 to about 175 millimeters
was analyzed to determine if the strong linear relationship continued throughout the entirety of the
sample. An example of full-depth penetration data of the dynamic cone penetrometer is presented
in Figure 4.8. As shown, the strong linear relationship between blow count and penetration is
continued from the 100 to 175 millimeter depth analyses. The relationship follows the laboratory
research done by Nemiroff (2016) using uniformly mixed soil cement as well as the research

performed on soil cement and lime-stabilized soils by Enayatpour et al. (2006).
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Figure 4.8: Full-depth penetration relationship between 0 and 175 millimeters to blow count

4.6.2 Conclusions of the Penetration Depth Analysis

The average coefficient of determination for each penetration depth for all data analyzed
for this laboratory testing phase is shown in Figure 4.9. Range bars were added to the plot to show
the minimum and maximum coefficient of determination obtained for each depth analysis. The
penetration depth with the highest average value was 75 mm penetration depth. It is noticeable in
Figure 4.9 that the range of coefficient of determination decreases as the analysis depth is
increased, with a significant improvement observed between the 50 millimeter to 75 millimeter

analysis depths.
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Figure 4.9: Coefficient of determination for all DCP data collected on penetration depth

Using the data analyzed, Table 4.6 was created to estimate the quantity of DCP blows
needed to penetrate a certain depth dependent upon the strength of the soil cement. The strength
range was chosen based on the ALDOT 304 (2014) specification requirements for in-place strength
of the soil cement. As expected, with an increase in soil cement strength and penetration depth,
there is an increase in how many blows are required leading to more technician time and effort.
Based on the average coefficient of determination of each of the penetration depths and the
required effort, it is recommended that 75 millimeters (3 inches) of penetration depth be used by

ALDOT which is in agreement with the findings of Nemiroff (2016) and McLaughlin (2017).
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Table 4.7: Summary of blow counts needed to reach each penetration depth

Penetration Blow Count
Depth 250 psi 425 psi 600 psi
25 mm 9 13 20
50 mm 18 26 39
75 mm 26 40 59
100 mm 35 53 79

4.7 DCP to Unconfined Compressive Strength Correlation
4.7.1 Introduction

As determined by Nemiroff (2016), McLaughlin (2017), and the data before, the DCP was
able to penetrate throughout the desired strength range required by ALDOT 304 (2014) of 250 psi
to 650 psi. This research made sure the DCP was still a viable option regardless of the soil type.
Nemiroff (2016) determined that a logarithmic function had the best correlation between the DCP
slope and the molded cylinder strength (MCS). Section 2.5.5.3 covers some DCP to unconfined
compressive strength correlation equations that were determined from McElvaney and Djatnika
(1991), Patel and Patel (2012), Enayatpour et al. (2006), and Nemiroff (2016). Based on the results
from the penetration depth analysis discussed in Section 4.5.2, a penetration depth of 75
millimeters will be used. The results collected in this study were combined with those developed
by Nemiroff (2016) at a penetration depth of 75 millimeters. The dataset consists of 435 cylinders
and 207 DCP specimens were produced and tested at 3 days and 7 days.
4.7.2 Logarithmic Function for DCP to MCS Correlation

The logarithmic function and coefficient of determination developed for the collected data
are presented in Figure 4.10 for the results of different soil types. The function is developed from

the new data collected during the laboratory testing phase of this study.
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Figure 4.10: Logarithmic relationship between DCP slope and MCS of the different soils
Figure 4.11 shows all of the data points combined as one data set to obtain the best-fit
logarithmic relationship. This relationship is based on a variety of soils and provides a strong
correlation which would be able to better estimate the strength of more types of soils used to create

soil cements.
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Figure 4.11: Best-fit logarithmic equation for all data collected

4.7.3 Correlation Analysis

Based on the data collected in this study and by Nemiroff (2016), it was determined that
the best relationship between the DCP slope and cylinder strengths was obtained with the function
displayed in Figure 4.11. The relationship between the DCP output and molded cylinder strength
have a high coefficient of determination of 0.8226 which indicates strong linear relationship
between molded cylinder strength and DCP slope. The strong relationship agrees with the results
from Patel and Patel (2012) who tested a variety of soil classifications and concluded that a single
equation is all that is necessary to relate all soil types.

For ease of calculation, the best-fit logarithmic function shown in Figure 4.11 was
rearranged and is presented as Equation 4.1. This equation is valid for a strength range between

100 and 930 psi.
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MCS = 1220e~0:559DCP (Equation 4.1)
Where:

MCS = molded cylinder strength (psi), and

DCP = dynamic cone penetrometer slope (mm/blow).

As previously discussed, the unconventional units in this equation were chosen for several
reasons. When collecting data with the dynamic cone penetrometer, it is more accurate and easier
to record in millimeters. The magnetic dynamic cone penetrometer also outputs its data in
millimeters. McElvaney and Djatnika (1991), Patel and Patel (2012), and Nemiroff (2016) all
utilized millimeters to collect DCP results. ASTM D6951 (2017) recommends recording DCP
penetration in millimeters.

4.7.4 Comparison to Other Published Correlations

In order to compare the correlations, each of the correlations developed by the researchers
was plotted on a single graph. Each correlation is plotted using the range of strengths tested. The
comparison of these functions can be seen in Figure 4.12. The McElvaney and Djatnika (1991)
function was a correlation created for lime-stabilized soils. Patel and Patel (2012) created a
function using a variety of stabilized soils that reasonably predicted strength between the 200 and
360 psi range. Nemiroff (2016) created the logarithmic function estimating the range of 100 to 800
psi. The relationship proposed in Equation 4.1 is within range of the other functions, and when
considering it was developed for a wide strength range and different soil types it is recommended

for ALDOT to implement.
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Chapter 5

Presentation and Analysis of Field Testing Phase Results

5.1 Introduction

In this chapter, results from the experimental field testing phase covered in sections 3.4
and 3.5 are presented and discussed. An in-depth analysis of the DCP results is presented. Analysis
is presented to determine the most efficient number of tests and penetration analysys depth to
obtain sufficiently accurate results. The compressive strength results from the plastic-mold
cylinders and core strengths are presented and evaluated. All the data collected from the ALDOT’s
US Highway 84 bypass soil cement base project can be found in Appendices | through O.
5.2 Dynamic Cone Penetrometer Analysis

This section is used to discuss the reason for performing an extensive analysis on the DCP.
Following that is how the data were analyzed to produce the results. Then a discussion on how the
most efficient penetration depth and number of tests needed was chosen is presented.
5.2.1 Reasons for Analyzing DCP Results for Outliers

The main reason for analyzing the DCP results is similar to the laboratory phase, to have a
consistent method that obtains reliable results. When tests were conducted in the laboratory, the
mixtures were reasonably uniform as they were produced under controlled conditions. When
conducted in the field, each individual DCP test showed a strong correlation between blow count
and penetration depth. However, in some instances when five DCP tests were plotted from a single
location, the correlation began to show some variation. These findings were similar to that of
McLaughlin (2017). There were a few different types of variability in the results. Figure 5.1 shows

an example of variability caused by a change of slope throughout the test. This example starts with
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all tests being very close together and being reasonably linear for the first 50 millimeters of
penetration, then the linear relationship changes as the slope flattens. Then again after about 140

millimeters, the test curves begin to follow the same slope it began with.
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Figure 5.1: First example of highly variable DCP test results on US Highway 84 bypass
Figure 5.2 shows an example of refusal where all the tests have similar slopes for the first
50 millimeters of penetration; however, the one test reaches refusal in accordance with ASTM
D6951 and the slope of two millimeters per five blows is assigned to it. A second test begins to
show a stronger soil cement as it is taking more blows per penetration depth while the other three

tests having similar DCP slope results.
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Figure 5.2: Second example of highly variable DCP test results on US Highway 84 bypass
Figure 5.3 shows the variability when most of the tests have different rates of penetration.
All the tests are linear; however, only two are similar with the other three having much different
slopes. These examples of irregularities that were seen in the DCP results help to justify the need

for a systematic approach to analyze the data and identify outliers.
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Figure 5.3: Third example of highly variable DCP test results on US Highway 84 bypass

5.2.2 Protocol for Analyzing DCP Results

The section covers the systematic approach used to analyze the DCP results. The first step

was to take all of the DCP readings from the magnetic or manual ruler and convert the data to

obtain results at every five millimeters of penetration. The second step was to determine if there

were any outliers among the five different tests run at a single location.

5.2.2.1 Converting Data to Standard of Blows to Penetrate Five Millimeters

Five dynamic cone penetrometer tests were conducted at each testing location. After

completion of the tests, the results were entered into a spreadsheet for analysis in terms of blow

count and penetration depth in millimeters. The blow count was then linearly interpolated to obtain

the blow count at every five millimeters of penetration. The field analysis of obtaining data points
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was performed the same way as the laboratory testing phase and discussed in section 4.5.1. Once
all five tests were linearly interpolated, the slope of each individual DCP test was determined using
the least squares method to calculate a straight line. The linest function within Excel was used.
The five slopes were then averaged together to produce a single DCP slope for that location. Figure

5.4 shows an example of five tests that were completed at a location.
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Figure 5.4: DCP test conducted on soil cement layer
If a test reached refusal, the test would still be considered in analysis. Refusal may occur
due to the presence of larger aggregates, roots, or some other hard object. Once the test was
enetered into the spreadsheet, the rest of the test was assumed to have a slope of 2 millimeter per

5 blows, which is defined in ASTM D6951 (2018) as refusal. Figure 5.5 shows an example of
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when two tests, Test UL and Test LL, reach refusal and follows the slope of 2 millimeters per 5

blows to get to full depth.
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Figure 5.5: Example of test when it reaches point of refusal
5.2.2.2 ldentification of Outliers
The next step of analysis was to determine if there were any outliers causing a significant
change to the slope. McLaughlin (2017) developed a way to determine outliers using ASTM C670
(2015) using the acceptable range of data being 50 percent. In doing this, the maximum slope of
the five tests was subtracted by the minimum slope and divided by the average of all five tests
times 100 percent. This value indicates the range of the five tests. If the range was less than 50

percent then no outlier existed and all tests were analyzed together.
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If the range was greater than the 50 percent, an outlier existed in the dataset. The next step
was to determine the absolute value of the difference between the slopes of each of the five tests
conducted with the average slope of the dataset. The test with the largest difference was deemed
the outlier and was removed from the dataset. The next step was to recalculate the average slope
of the four remaining tests and identify the new maximum and minimum slopes. The same process
was repeated until there were no outliers remaining in the dataset. The DCP tests would be
disregarded if more than three of the five tests were identified as outliers.

5.2.3 DCP Penetration Depth Analysis

This section covers further investigation into determining if a penetration depth of 75
millimeters would be the most efficient considering the data collected during the field testing
phase. For each testing location, data from the five (assuming no outliers were found) DCP tests
were plotted using the procedure outlined in Section 5.2.2. The plots were labeled with blow count
on the x-axis and the depth of penetration on the y-axis in millimeters. The soil cement layer in
the field was placed at a thickness of 8 inches, or 200 millimeters.

Just like in the laboratory, the DCP was seated the first 25 millimeters and five different
penetration depths were evaluated: 25, 50, 75, 100, and 175 millimeters. A summary of this can
be seen in Figure 4.3. The results obtained from these penetration depths were analyzed and
compared to each other to determine which penetration depth produced the most accurate results.

At each testing location, the number of tests used was also evaluated to determine how
many would be needed to produce accurate results while considering the technician effort required
to perform the testing. Each location was tested in the exact same order: upper left (UL), upper
right (UR), center (CE), lower left (LL), and lower right (LR). To evaluate only four tests, the

lower right test was removed. To evaluate 3 tests, the lower left and lower right tests were removed
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from the data set. A summary of all the DCP data from the testing locations can be found in
Appendices J through N.
5.2.4 Results of Penetration Depth Analysis

The results of the analysis that were performed over each penetration depth, similar to that
of laboratory testing phase discussed in Sections 4.5.1.1 through 4.5.1.5, are covered in this
section. The average coefficient of determination (R?) for each penetration analysis depth was
determined for all the data gathered during the field testing phase and is shown in Figure 5.6.
Range bars that indicate the minimum and maximum coefficient of determination were added to
Figure 5.11. The number of tests needed at each location was also a factor of this research. For
three tests, four tests, and five tests, the coefficient of determination for each penetration depth are
also shown in Figure 5.6. All outliers were removed by the method stated in Section 5.2.2.2 before

producing Figure 5.6.
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Figure 5.6: Coefficient of determination for all DCP test results collected

The results of the all the penetration data shown in Figure 5.6 show a high coefficient of
determination for a linear relationship, meaning that the DCP penetration rate is linear with the
depth. Penetration depth of 25 millimeters has a wide variability in part due to not having as many
data points as the other depths, and it also has the lowest average coefficient of determination while
using three, four, and five tests. Penetration depth of 175 millimeters has the greatest average
coefficient of determination compared to the other depths, but it also has greater range of
variability compared to the 75 millimeter analysis depth. Out of all the depths, 75 millimeters
shows the least amount of variability whether three, four, or five tests were being analyzed. The
two analysis depths that needed the least amount of technician effort but showed high coefficients

of determination were 50 millimeters and 75 millimeters.
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When evaluating how many tests should be used at each DCP test location, the coefficient
of determination is actually the greatest with three tests performed, regardless of the analysis depth.
This may be because of less data points; however, the variability between its maximum and
minimums is also less showing that there is no need to perform more than three DCP tests at a
location. The extra data points will only serve as more effort for the technician needs to put forth.
A sufficiently accurate test of the soil cement base can be determined with the use of only three
DCP tests. The field penetration depth analysis of McLaughlin (2017) is shown in Figure 5.7 and

the laboratory penetration depth analysis of Nemiroff (2016) is presented in Figure 5.8.
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(Nemiroff 2016)

Based on the laboratory results presented in Section 4.5.2, the coefficients of determination
from the laboratory analysis presented in Figure 4.9, with the above two figures, it can be
concluded that a penetration depth of 75 millimeters should be used by ALDOT. This depth was
chosen for three reasons:

1. Laboratory results show it to be the most efficient penetration depth when conducting
laboratory tests on soil cement.
2. The technician performing the test would penetrate exactly half of the 8-inch thick soil

cement layer, once the DCP has been seated as shown in Figure 4.3.

3. The results from a 3-inch analysis depth has been recommended by Nemiroff (2016) and

McLaughlin (2017) with the results of this study following the same trend.
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5.3 Plastic-Mold Method Results

McLaughlin (2017) used the plastic-mold method to make cylinders for compression
strength testing on a project in Elba. This same plastic-mold method was used again on the US
Highway 84 bypass near New Brockton, Alabama. Figure 5.9 shows the average seven-day
compressive strength test results for each testing location obtained for the plastic-mold method.
No test data were collected for the first six subsections shown in Figure 5.9. In a subsection,
material at two locations was obtained and used to create five plastic-mold cylinders as stated in
Section 3.4.3. The values presented are the averages of 10 plastic-mold cylinder results made in
each testing subsection. A detailed outline of the subsections and locations can be found in
Appendix N. Any outliers were removed from the data set by the method stated in Section
3.3.4.1.2. Figure 5.14 also shows the ALDOT 304 (2014) strength requirements for soil cement.
Specimens testing below 200 psi and above 650 psi shall have those sections be removed and
replaced without compensation. Specimens testing between 200 to 250 psi and 600 to 650 psi
indicate sections that are subject to pay reduction. All strength results between 250 and 600 psi

would result in full pay.
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Figure 5.9: Seven-day compressive strength results for the plastic-mold method
Density was determined for each plastic-mold cylinder made during this field project.
Figure 5.10 shows the density of the plastic-mold cylinders for each subsection. ALDOT 304
(2014) requires density to reach 98 percent. Figure 5.15 also shows the deviations from optimum
moisture content range on the secondary y-axis. The density used for comparison was the

laboratory proctor test run with the Elba soil at 6.5 percent cement content.
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Figure 5.10: Plastic-mold method average density values at each testing subsection

Figure 5.10 shows that the density started to drop below the ALDOT threshold of 98
percent for many of the tests, where this coincided in some cases when the water was seen to be
greater than the optimum moisture content range. The majority of the plastic-mold cylinders did
reach a density of 98 percent or more when the optimum moisture content fell within the range.
5.4 Dynamic Cone Penetrometer Results

The second method used to evaluate the strength of the soil cement base was the DCP used
in accordance with ASTM D6951 and the correlation between strength and DCP slope developed
in Chapter 4. Figure 5.11 shows the compressive strength of the soil cement base using Equation
4.1. The strength estimates shown in Figure 5.11 are the average of three DCP tests conducted at

each location that were then averaged with the other DCP results from the same subsection to
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characterize the average strength of the subsection. The maximum and minimum strength
estimated in each subsection are shown with range bars. Outliers were removed before the data
were plotted. DCP subsection results shown in Figure 5.11 can range from one location (three DCP
tests) up to four locations (twelve DCP tests) dependent upon on weather that day and if each
location was able to be tested with the DCP. For location 2, no DCP tests were able to be completed
due to weather. For subsections 19 and 20, the Contractor had the asphalt paved on the section
before DCP tests were able to be completed.

700

=X
=
=]

~
o
==

(]
jam]
=]

o]
=]
=]

Strength from 75 mm DCP Results (psi)
S
=

0
1 3 5 7 9 11 13 15 17 19
Subsection Number
— — — —Start of Pay Reduction Remove and Replace

Figure 5.11: Seven-day compressive strength results from DCP results
The DCP shows the strength of the in-place soil cement, whereas the plastic-mold cylinders

were made of samples of the soil cement mixed at the job site and compacted by a technician. Note
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that it was expected that the variability of in-place strengths will be greater than those of the
cylinders that were made and cured under controlled-laboratory conditions.
5.5 Core Results

Cores were extracted by SA Graham Construction and tested by ALDOT on the seventh
day. As shown in Figure 3.24, three cores were extracted from each section of about 450 feet that
was constructed per day. The values shown in Figure 5.12 are the average of the cores recovered
from each subsection. Some subsections only had one as the random selection of locations had one
fall on the first subsection, while the other two were on the other subsection constructed that day.
The range bars in Figure 5.12 show the maximum and minimum core strength obtained for each

subsection. Each subsection without range bars had only one core tested.
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Figure 5.12: Seven-day compressive strength results of cores taken along US Highway 84

bypass
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Figure 5.12 indicates that some sections did not meet ALDOT’s strength requirements. A
graph of all the individual core strength results taken during the US Highway 84 bypass can be

seen in Figure 5.13.
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Figure 5.13: Core results collected along US Highway 84 bypass
5.6 In-Place Density Results
The in-place density of the tested sections was measured by using a nuclear density gauge
by ALDOT. Figure 5.14 shows the density obtained at each testing subsection during the soil
cement project. Figure 5.14 shows the in-place density of the soil cement after the first strip and
initial density testing of the subsection was completed. If the nuclear density gauge showed values

that did not meet either the density or water content, the Contractor added more water or applied
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more compaction to the soil cement layer by rolling it over a few more times. This practice ensured

that each section met ALDOT’s density and moisture content requirements, which is evident from
Figure 5.14.
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Figure 5.14: In-place density of soil cement base along US Highway 84 bypass
5.7 Comparison of the Test Methods Evaluated
In this section, the results of each of the test methods used in this study are compared to
each other. First, the variability of each test method is compared against the variability of the other
test methods. Then, an evaluation of the strength of the soil cement base in a subsection calculated
using each of the test methods is presented and discussed. As shown in Figure 3.24, a subsection

could consist of up to twelve DCP tests (from up to four DCP test locations), two cores, and ten
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plastic-mold cylinder strength tests. And finally, a location comparison of strength of each test
method is presented and discussed.
5.7.1 Variability of Each Test Method

The variability of each test method was analyzed to determine which methods had the least
variability. Figure 5.15 shows the average variation in strength obtained from each test method as
determined for the field testing phase of this project. All outliers were included in the plot in order
to fairly compare the variability of all the test methods. Three different test methods were analyzed
during this research project for their variability. The adjusted coefficient of variation was
determined by dividing the coefficient of variation using a statistical coefficient that is determined
to account for the number of tests performed (ASTM C670 2015; Harter 1969).
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Figure 5.15: Adjusted coefficient of variation of strength using each test method
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The coefficient of variation, shown in Figure 5.15, was calculated by using the average of
the strength results at each testing location and identifying the maximum and minimum values.
Specimens made from the plastic-mold (PM) method were made from material sampled at the
project site during placement of the soil cement base, whereas the DCP test and cores tested in-
place strengths. The test method with the least amount of variability is seen to be the plastic-mold
cylinders. The DCP test method produced the least amount of variability when comparing the in-
place strengths following the findings of McLaughlin (2017). Variability that was encountered
during the compressive testing of the specimens cored from the soil cement layer was large.

5.7.2 Subsection Comparison

ALDOT uses seven-day core strengths for each section that is about 1/10 of a mile
according to ALDOT 304 (2014). The Contractor on site for this US Highway 84 bypass project
mixed two subsections at about 225 feet each as described in Section 3.4.3. These subsections
consisted of up to two core results, up to twelve DCP results, and ten plastic mold tests. Figure
5.16 shows the relationship of the core strengths versus the DCP test method and plastic-mold

compressive strength results.
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Figure 5.16: PM cylinder strength versus other test methods averaged per subsection

Figure 5.16 shows that most of the data fall above the line of equality. This indicates the
plastic-mold cylinder strength values were found to be slightly less than the other two methods.
However, the majority of the data points fall inside of the £40 percent error lines, with eight points
falling outside this error margin.
5.7.3 Location Comparison

The plastic-mold method and DCP tests were performed at two locations within a
subsection. Since they were done very close to each other, they can be compared based on their
matching locations. At each location, there were five plastic-mold cylinder tests and five DCP tests
conducted. As mentioned earlier, only three DCP tests analyzed to a depth of 75 millimeters are
needed for accurate and efficient data collection. Figure 5.17 shows the DCP strengths versus the

plastic-mold strengths.
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Figure 5.17: Left: Field results of PM cylinder strength versus the 75 mm DCP result per

location; Right: Laboratory results of PM cylinder strength versus the 75 mm DCP result per

testing day

On the left, the majority of points fall within the 40 percent error margin, which show

that the plastic-mold strength results on average agree with the strengths obtained from using the

DCP. When comparing the results in Figure 5.17, the plastic-mold cylinders were created using

the soil cement mixture and taken to a laboratory for curing, whereas the DCP tested the strength

of the in-place soil cement base. In the right figure of Figure 5.17, the laboratory results show the

best outcome of using Equation 4.1 when comparing the 75 millimeter DCP result to the PM

cylinder strength. The laboratory results have a few points falling outside of the 40 percent error

margin even under the most controlled conditions. Based on this, the average plastic-mold

strengths showed similar comparisons to that of the average DCP strengths.
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Chapter 6

Summary, Conclusions, and Recommendations

6.1 Summary

Soil cement is a mixture of soil, portland cement, and water that creates a strong, durable,
frost-resistant pavement base layer once it is properly compacted and cured. During the laboratory
testing phase, soil classification was tested to determine its impact on soil cement strength. The
suitability of the DCP for use to determine the strength of soil cement was evaluated. Finally, a
correlation between the DCP and cylinder strength was established over a compressive strength
range of 100 to 930 psi. Approximately 435 cylinders and 207 DCP specimens were created and
tested over the course of the laboratory testing phase of this research project.

During the field testing phase, several test methods were evaluated to assess the strength
of soil cement base. The plastic-mold method modified from McLaughlin (2017) was evaluated as
a quality assurance test method to determine the strength of the soil cement mixtures on the job
site. The DCP method used in the laboratory testing phase and the standard ALDOT method of
testing the core’s compressive strength were also evaluated to measure the strength of soil cement
base. The number of DCP tests needed to approximate the in-place strength most efficiently of the
soil cement base was also evaluated. Approximately 135 plastic-mold cylinders were made, 30
core compressive strengths tested, and 189 DCP tests evaluated over the course of the field testing
phase of this research.

6.2 Conclusions

The laboratory testing phase yielded the following key conclusions:
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As cement content is increased, the maximum dry density will also increase regardless of
the soil classification,

The addition of two pieces of aluminum foil tape placed horizontally across the slit on the
plastic mold, as seen in Figure 3.10, greatly reduces the chance of the cylinder splitting
while being compacted,

The DCP is able to efficiently penetrate laboratory mixed soil cement bases with strengths
up to 930 psi,

After seating to a depth of 25 millimeters (1 inch), the recommended penetration depth of
the DCP is 75 millimeters (3 inches), because this depth produces reliable results with the
least amount of technician effort,

Different soil types do not have a strong enough impact on the relationship between DCP
and unconfined compressive strength; therefore, one relationship can be used,

The most practical molded cylinder strength to DCP slope correlation based on ease of use
for field applications and best-fit is the logarithmic function equation that is presented in
Equation 5.1. This equation is valid for a strength range between 100 and 930 psi.

MCS = 1220e~0-559DCP (Equation 5.1)
Where:

MCS = molded cylinder strength (psi), and

DCP = dynamic cone penetrometer slope (mm/blow).

The field testing phase yielded the following key conclusions:

The DCP is able to efficiently penetrate mixed-in-place soil cement bases,

155



After seating to a depth of 25 millimeters (1 inch), the most efficient penetration depth of
the dynamic cone penetrometer is 75 millimeters (3 inches). This depth produces the lowest
variability, highest coefficient of determination, and matches the findings of the laboratory
testing phase, Nemiroff (2016), and McLaughlin (2017). This depth also provides less
technician effort than full-depth penetration, and penetrates exactly half of the soil cement
layer after accounting for the DCP seating depth,

A sufficiently accurate assessment of the soil cement base strength can be determined with
the use of only three DCP tests at a single location,

The DCP versus strength equation recommended by the laboratory testing phase, Equation
5.1, should be used to evaluate the strength of soil-cement base with 75 millimeters (3
inches) of DCP penetration,

The dynamic cone penetrometer is a more reliable test method to determine the in-place
strength of soil-cement base compared to compression testing of cores, which is the

standard practice that ALDOT currently uses to determine strength.

6.3 Recommendations

It is recommended that ALDOT implement a new testing procedure to assess the strength

of soil cement base. The recommendation from the laboratory and field testing phases would be to
use the plastic-mold method for mixture qualification in soil cement base applications. The plastic-
mold method be used as quality assurance test in the field to assess the soil cement strength.
Sections will still be passed or failed on a 1/10 of a mile stretch of soil cement. The process would
include picking two random sampling locations along the section and making three specimens at
each using the plastic-mold method during the placement of the soil cement base. Before

compaction, the plastic-mold cylinder shall prepared by cutting a slit down the side, one piece of
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aluminum tape covering the slit, and then two pieces of aluminum tape wrap about one-third the
circumference around the top and middle of the cylinder. Compaction of the plastic-mold cylinders
shall be completed by using three equal lifts at seven blows per lift, scarifying after each layer has
been compacted. The cylinders shall be capped and then be placed in a shady area, protected from
wind and rain, to allow for initial curing on-site of the specimens for 24 hours before being
transported to the laboratory for final curing and testing. Final curing would include demolding
the cylinders from the plastic mold, placing them in a sealed plastic bag, and placing them in a
moist-curing room until the seventh day when the cylinders will be tested to determine their
compression strength. The average strength of the two locations will then be averaged together to
obtain a single value which shall be used as the indicator of strength of the soil cement base.
Passing or failing will be based upon whether the average plastic-mold cylinder strengths fall
within ALDOT’s acceptable range. Full pay will be awarded for cylinder strengths between 250
and 600 psi. If plastic-mold cylinder strengths fall outside of this range, the DCP shall be conducted
on the soil cement base section. Three DCP test locations shall be randomly selected by the
Engineer. Three DCP tests shall be conducted at each of the three random locations, penetrating
75 millimeters (3 inches) into the soil cement layer once the DCP is properly seated 25 millimeter
(2 inch). The data should be processed as discussed in Section 5.2.2 to check for outliers among
the three DCP tests performed at a location. Once this is done, the average DCP strength of the
three locations shall be taken as the strength of the soil cement base using Equation 5.1. If the
strength falls with 250 psi to 600 psi full pay shall be awarded. If the strength falls with 200 to 250
psi or 600 to 650 psi pay reduction shall be incorporated following Equations 1.1 and 1.2. If the
strength is below 200 psi or is above 650 psi, the section of soil cement base shall be removed and

replaced at the expense of the Contractor.
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A recommendation for future work would be to confirm that the plastic-mold
compressive strength test results compares closely to the steel-molded cylinder compressive
strength test results that follows ASTM D1633 (2017). A strong correlation between laboratory
made molded cylinders and the DCP was found by Nemiroff (2016) and added to the results of
the laboratory testing phase. A correlation between the steel-mold cylinder method and the
plastic-mold method can be done by making both types of cylinders in the laboratory from the
same uniformly mixed soil cement and tested for strength on the same day. Another
recommendation would be to create software that is user friendly to make DCP results easy to
obtain soon after the DCP penetration testing. A final recommendation would be to develop a
draft ALDOT Special Provision to incorporate these findings into a quality assurance protocol

for soil cement base strength testing.
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Appendix A

Design Curves and Gradations
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Figure A.1: Design curve for Waugh soil with 4 percent cement content
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Figure A.3: Design curve for Waugh soil with 6 percent cement content
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Figure A.4: Design curve for Waugh soil with 8 percent cement content
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Figure A.5: Design curve for Waugh soil with 10 percent cement content
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Figure A.7: Design curve for Elba soil with 6.5 percent cement content
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Figure A.9: Design curve for Elba soil with 10 percent cement content
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Figure A.13: Design curve for Coarse soil with 9 percent cement content
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Appendix B

DCP Initial Curing Study
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Figure B.2: Plastic sheet and clip method at 4 percent cement
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Appendix C

Soil Classification Impact Data

Table C.1: Data for soil classification impact for Elba soil

Elba Soil
AASHTO Soil Classification A-2-4
USCS SM
Cement 75 mm 7-day 7-day PM
Content, % DCP Slope Strength (psi)
5 3.075 320
6.5 2.863 360
8 1.740 545

Table C.2: Data for soil classification impact for Waugh soil

Waugh Soil
AASHTO Soil Classification A-2-6
USCS SP-SC
Cement 75 mm 7-day 7-day PM
Content, % DCP Slope Strength (psi)
4* 3.109 180
5* 2.149 315
6 1.691 390
8* 1.520 600
10 0.936 930

*Multiple tests completed so average slope and

strength was taken
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Table C.3: Data for soil classification impact for Coarse soil

Coarse Soil
AASHTO Soil Classification A-1b
USCS SW-SC
Cement 75 mm 7-day 7-day PM
Content, % DCP Slope Strength (psi)
4* 4.106 135
6* 2.363 305
8* 1.596 555
9 1.057 860
10** 0.400 1080

*Multiple tests completed so average slope and
strength was taken
**Soil was in-penetrable using DCP so slope is
taken as refusal (2 mm/5 blows)
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Appendix D

Figure D.2: Waugh 4% No. 1 7 day
182

=] : : : =] : : m
af ! ' ! ! =] | | :
o H H | 5] H | | L]
(] ) ! ! ! ] o — ' i
= a2 \ ' | o 4 = v x|----- [ — . A
ERREES ! : % ERRERS “ |
=== : ; ; =2z ! !
S | B = n R e P i /A = 9 9 |7 " :
< < < ||l ' ' @@ @ ([l _ |
© 2 5 5 5|LxE : ' + % 5 % Bllz=l b [ AR SR
i) 5] O 5 E ' ' ' ' O U L .= ' ' I
< = = " ! ! > e & & 3 : .
@) X o m : m ; s x & ¢ m m
- _ | “ x " o _ “ "
= S L S [ A S ™ R R S S A S
Q " : " ! — " " “
m i i H 4 ! . ; ; i
" " " + ! =) : : :
c - : " : : : pa = " | ; :
o 5 | | | | | © g v - froooeee- drmemmees Bt o
= e : m : : ; =N S m m ! m
© L SRTEEEY RN R e - o " " / "
- ] ' ] 1 - i ' | ]
et z ! " (] ! ! W z ' ! * !
= " " + " " R St RRIICTEEEY SERRY A il SeeReE o
S = " : ! " : ,.Wa = " : m _
o " " " " " " : | "
= “ “ “ " " .. " : | "
m T LS A [ L R m R S L AR b R AR
E | v | @ | " | m
= m : m : S S . ; m : s
. —_— ] 1 ] ] ] ] 1 1
i ' i i = | - (@)) (S T R Hmmmmm - e — Y — = | =
= ! ! " ! B. & i " ; “ | ERIN
o : " : : =5_2 } ' “ | =5 o
N i I Shb HERR prmTeeees i = 22 " " W E =R
I R R S IS S A 11
: _ _ 3 = S A S S S SR S =~ =S
“ : : =5 &b : " ” T 5o &
i H : g g 5] H ; ' S g, 8
' ! ! s 5 &2 ' ' W S5 & E
' : ' Z0<n ! ! ! Su<n
= } ; ; ; N s S S —
(=] e =1 (=] w; (= (=] 's (=] (=] v
= . e = S g 4

(ww) ydaq (wr) yydoq



Blow Count

X Test A-1
® Test A-2

Linear (1 Inch Depth)

* Test A-3

0.9872

y =3.982x

R?

v,

(S

e e T

A S

Waugh

Cement Content = 4%

Age =3 days
Strength = 140 psi

L _{ Material

(wur) ppdaq

25

30

Figure D.3: Waugh 4% No. 2 3 day

Blow Count

=] T T T T T
1 ] ' I ]
— | ' ) i
—1 | | i
= , , 1
=) | | :
Al ” ” |
w4 = r[==t---- e s TR
S & ' , ;
sl|ae | ! %
- — 3 ] i
— & s TS ' H
m @ 5|70 ” ”
— 4| = - - 2N AP R Y A
5 & 3 =[x " H
E = = a7 ' y
1 | x 1
X L ] * ' 1 I '
H i | H
P R S R S AU, e
\ )
: :
: :
1 '
: :
i i
i H
i i
i :
Vi e mmm .“ ||||||||||||||||||||||||||||||||||||| " ||||||||||
: :
H :
; :
: :
' '
i :
: :
' '
B e s Ry e ity fromm e
Ol o= ===== il St Fo=======- B Sl i e
1 ” ' I
1 | 1 i &
: ' ” | =
L LR e A= mmm—— - Femm—————— Ammm———— = |l ‘3
H H : | mom o,
< Wy
v H ' i = 2 new
" : ' , g &—
[] : ' | (NS
| i ' i —
e . SOREEEEEE A R e § ==
' : ” i E 5 I
' ' ] I o £ o m
. : ' ) = S
1 1l 1 ' M o =) =
! ! ' ! U <wn
o
= 's = [=] w =1
- (o] (o] (2]

(ww) ydaq

Figure D.4: Waugh 4% No. 2 7 day

183



Blow Count

6

T T : T .
i | i | i
i i H i
_ ' 1 '
= | | H '
= i i H i
= i i H i
b2 i | 1 !
o ) i i i
— [ BYSY 1 H |
- — >
2 O o 1 H X
= e i i
+ — ol [ ol BT Fems—m—mas e o
1 1 — 7 1 ]
< < = . i H
- - S el ' '
71 % 2 i H
o 5] - ! 1
b~ = 1 !
i H
X 1 '
i H
| X
i \
- H

=
wy
= 1 7]
2. &
< m =
............................................. WW = w7
S el
(=11
(NSR=N
" = =
55 ®
2 E o b
5 =
D ohE
Zou<w
T
=] e = - = wy <
— e} o o

(urw) yydaq

Figure D.5: Waugh 5% No. 1 3 days (Third specimen was removed due to error)

Blow Count

14

10

095957777771

[=%
o
o
©
L = L
— (] 2] — (o]
i ) i
m M o F |
2 7 7 2 -
o L B L . “
= B B 2 H
'
X @ * '
L bog--
'
| '
i 1
i '
I '
i I
I I
i '
' '
i 1
i '
) 1
i Amm—mm———- a--
i |
I '
i I
i '
I '
I '
i 1
i '
' '
i 1
W |
\\\\\\\\\\\ Ammmmmmmm

et

?:::n-:aoc

_
:
'
:
'
:
:
:
:
:
!
............................ A SR
'
| : o
: : 3
“ “ wy
i i =1 F
: : 5
“ ! 2 o
] 1 3
<t
“ “ ZE Lo
......... i e e LRS-
] : = ~ =
8 s =
' ' E 50 B
1 1 o =
i | S E oo
i 1 S &b E
! ! =0 <@
' !
< -, =] =) w <
= = a z

Figure D.6: Waugh 5% No. 1 7 days

184



10

Blow Count

Figure D.8: Waugh 5% No. 2 7 days
185

T T T T T o . . . . .
! H . H ' i i i 1 '
~1 | H | e ' ! '
=1 ” ! “ CH | : _
=8 B i H i = i H |
k 1 l ] ' u 4] . | 1
Qlr== ” " : 2 2[= | :
= <t r~ ' ' i = = |4 1 '
S| |la — : ! ! A 2|l i i
- o i 1 * ~ = \ 1 '
S = | | \ — V ] ' :
I = I K BT . e S - e TS i R A
N9
< < < & I e | H m m
= o 5] - B ! H @ g
2 5 7 2 | H 7 % 2
v v O .= v ' ' s B £
= B = o | H [ = = 4
H | 1 =
X @ ¢ ! ! * = [ ]
] H | o
' H |
........... i e 7 i seE R ™ I R e ch L L S EEE R
i H i [ ] (V]
i H | : .
] H | i o
i H | i -
i H | i Z =]
i H | 1 o E
: H | | =~ S
: H | i
........... T T Kol &) Y et S SRR A0 U U SUPU PRI MU
i H H 1 < z
i H H i (=) =
: H H | S =
' H H ' ©
] H H |
_ _ ! _ =
i . i ;
i ' 1 i .
' H i | N~ R I G S S A
........... el e R B S 3
] | H : (&)
i i H
i (] | |
[<b]
| | m | 0 £ S
| " W " n =) i
' i I ' = | ‘7 (@)) ] 7]
] " W " B, A e s &
i : ! ! = 5 vy 2 2
................... e = wn [ I BT e et et = m
i ' i W m ] ! m ﬂuz
H | H S s : INSR-N
H ] H - -2
" W L |EEvE L |EEvE
H | 1 3 m v & ' 2g0 8
! | ! = 2 H S5 ohE
H | H S &0 B : =
' | ' SU<n H U <wn
H | H ' -
H | i ; _ ! ;
— — . = v = =} e = e =] wy
= ’ —- s & & - - & o

(wwr) daq (wur) ydoq



14

10

Blow Count

18

Figure D.10: Waugh 6% 7 day
186

. . ‘ _ _ T T T - .
. . ! T T ! ! T T !
' . : ; : :
— ] ' | _ H 1 1
= ' : ' = | == ; : :
2 \[=a | i " AR : .
| i ; i = =] :
2wl : ! - 2 ld =] ; !
= ||& =l i I =1 = He SfF--r---mmmm-- R g S e
3 ey : : S 0= y :
. E e T L T EqlT oo “
i A : il | Y !
DR — > m m - 9 T = - ' 1
< < < 5 , : <N T - B~ " "
' . -
2 o7 w2 | i A R T S ) S—— R S AN A —
.c ,IL L — 1 1 .C .c o R=] "
E = = 2 ] H = = = 4 .
' : :
1| X e e+ | e P A X L 4 m
! X >
T ' ' X '
“ " " s S0 AU S S RS ANSR: S
' ' : = |
| : ' '
1 | | o™ i
: ' : |
1 1 ' o i
! ” " > - !
........... © =1 S SO S, S A S
' ' 5 =
H i hg =] :
| " & "
_ : > - ;
) H (3] = H
: ' W B N S AN S S S I
: ' o 4
““““““ e St s He . M |
; i (o] i
i ; ;
" : o |
'
: i I<5) B R R iRl St EEEEEEEEt mm s s s mmnes
i : - ; :
'
........... , = |
| | s =y | -
: , > | >
1 : =1 ‘3 L AR T ——— Fesssnsusadessasas = 1 ‘3
H : | [ =N ) ) H E . e,
[ ] i ZE »n i i i i ZEE o
[ [ i w ~ l ] 1 ] w =3
' ' 1 w i i i W w
! , = E La , ! ! : Z 28
................... ek Rttt B B G A= ! ! ! ! S8
[ i ] C ' " 1 ] C
| | 1 = = v : . : = ~ .=
1 ! ! 2805 [ ey sl Hommmmmmms Gttt pommeees I EETE
' | ' 5 © Il = ' ' ' ' 5 ¢ o
: ' . , | : :
: | : sEgp , , : : =Egsd
" | " S0<a * : : " ; SC<E
' ' : , | : ;
1 1 H 1 i i i 1 1
EE
(=1 o (=} g (=3 Ul (=1 = \r = = W =3
2 a & 2 = s &

AEEvlﬁauﬂ (umu) pdaqg



Blow Count

18

16

«l

®--------

_
— "
= "
= i
o '
a ) !
= HFHeoinl---- Frecscccccyemccnccaeffgeeamanax)
[} I 1
] i
— g !
N e i
DEERD S i
< < < 3 i
= e = D i
B B R fmeeeaaaa- L aEEEr EETEEY SPED FEEERET
[P LF] (+] — ] ]
= = = 4 ' !
X @ ¢ | 1
| 1
i 1
1 H
.................... [ [,
h |
| H
] H
| H
] H
i H
] H
i H
: H
\\\\\\\\\\\\\\\\\\\\\\\\\\\ [T S T
|
H
H
H
H
H
H
H
H
|||||||||||||||||||||||||||||||||||||||||||||||||| L
|
H
H
H
1
H
|
|
|
............................................... S
H
H
e
=
oo
= ‘B
e =
wy
Wa 2 »nvo
s S
S T
S
= o= 02
551 B
= E o o
S 5 &g
ZUu<n
H
(=1 Wy (=] 's (=] vy (=3
= = & -

(wur) yydag

No. 1 3 days
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Figure D.18: Elba 5% 7 days
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Figure D.20: Elba 6.5% No. 1 7 days
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Figure D.22: Elba 6.5% No. 2 7 days
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Appendix E

50 Millimeter Penetration Depth Data
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Figure E.4: Waugh 4%
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Figure E.9: Waugh 6% 3 days
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Figure E.10: Waugh 6% 7 days
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Figure E.16: Waugh 10% 7 days
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Figure E.18: Elba 5% 7 days
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Figure E.20: Elba 6.5% No. 1 7 days
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Figure E.21: Elba 6.5% No. 2 3 days
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Figure F.21: Elba 6.5% No. 2 3 days
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Figure F.22: Elba 6.5% No. 2 7 days
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Figure F.24: Elba 8% 7 days
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Figure G.14: Waugh 8% No. 2 7 days
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Figure G.20: Elba 6.5% No. 1 7 days
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Figure G.22: Elba 6.5%
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Figure H.4: Waugh 4% No. 2 7 days
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Figure H.6: Waugh 5% No. 1 7 days
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Figure H.22: Elba 6.5% No. 2 7 days
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Figure H.34: Coarse 8% No. 1 7 days
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Figure H.36: Coarse 8% No. 2 7 days
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Appendix |

Summary of All Field Strengths Obtained from Different Test Methods

Table 1.1: Tests conducted on locations 1 through 8

Subsection
1 | 2 | 2 | 3 | 4 | 4 | 5 | 5
Test Location
Method 1 | 2 | 3 | 4 | 5 | 6 | 7 | s
Compressive Strength (psi)

Plastic-Mold - - - - - - - -
DCP 499 - - 241 443 460 163 458
Core 334 435 461 337 683 324 216 280

Table 1.2: Tests conducted on locations 9 through 16
Subsection
6 7 7 7 8 8 8 8
Test | | | Lothion | | |
Method
9 | 10 | 12 | 12 | 13 | 14 | 15 | 16
Compressive Strength (psi)

Plastic-Mold - 245 215 - - 190 - 240
DCP 628 169 37 20 248 - 164 -
Core 326 - - 76 251 - 321 -

Table 1.3: Tests conducted on locations 17 through 24
Subsection
9 9 9 9 10 10 11 11
Test | | | Lochtion | | |
Meth
od 7 T 15 [ © [ 20 | 21 | 2 | 3 | 2
Compressive Strength (psi)

Plastic-Mold | 140 - - 214 545 - 205 -
DCP 218 502 316 350 361 451 399 225
Core - 320 266 - - 345 - 278
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Table 1.4: Tests conducted on locations 25 through 32

Subsection
11 | 12 | 12 | 12 | 12 | 13 | 13 | 13
Test .
Method Location
25 | 26 | 27 | 28 | 29 | 30 | 31 | 32
Compressive Strength (psi)

Plastic-Mold | 195 - 275 - 315 275 - 345
DCP 250 - - 492 - 223 307 229
Core - 316 - 306 - - 253 -

Table 1.5: Tests conducted on locations 33 through 40
Subsection
14 | 14 | 14 | 14 | 15 | 158 | 15 | 15
MTe;.t q Location
etho 33 | 34 | 35 | 3 | 37 | 38 | 39 | 40
Compressive Strength (psi)

Plastic-Mold - 150 - 220 135 - - 180
DCP 341 390 75 309 435 282 132 101
Core 107 - 219 - - 223 259 -

Table 1.6: Tests conducted on locations 41 through 48
Subsection
16 | 16 | 16 | 17 | 17 | 17 | 17 | 18
MT;s]t q Location
eno 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48
Compressive Strength (psi)

Plastic-Mold - 180 215 230 - 185 - 285
DCP 303 284 169 380 197 342 143 292
Core 532 - - - 215 - 266 -
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Table 1.7: Tests conducted on locations 49 through 57

Subsection
18 | 18 | 19 | 19 | 19 | 19 [ 20 | 20 | 20
Test -
Method Location
29 | 50 | 51 | 52 | 53 | 54 | 55 | 56 | 57
Compressive Strength (psi)
Plastic-Mold | 245 - 185 - 175 - - 185 145
DCP 156 287 - - - - - - -
Core - 337 - 199 - 305 124 - -
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Appendix J

25 Millimeter Penetration Field Data
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Figure J.1: Test performed on July 9, 2019, Location 1 (top left =5 tests, top right = 4 tests,

bottom = 3 tests)
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Test performed on July 10, 2019, Location 4 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.3: Test performed on July 10, 2019, Location 5 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.4: Test performed on July 10, 2019, Location 6 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.5: Test performed on July 16, 2019, Location 7 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.6: Test performed on July 16, 2019, Location 8 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.7: Test performed on July 16, 2019, Location 9 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.8: Test performed on July 16, 2019, Location 10 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.9: Test performed on July 16, 2019, Location 11 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)

288



Blow Count

Blow Count
0 1 4 5 0 1 2 3 4
0 0
i X Test UL - Outlier H H | X Test UL - Outlier
‘ ® Tes UR : ' : ® Test UR
: : ' + Test CE R H H ' .
LR i s e TR A& Test LI - L L I o emnne o] ® Test CE
B Test LR - Outlier & TestLI
(—Linear (1 Inch Depth)| ~——Linear (1 Inch Depth)
10 T 10
= —_
£ g
g g
=15 =15
= =
a. =
m @
= =
20 20
30 30

Figure J.10:

X Test UL - Outlier
® Test UR

* TestiCE

—Linear (1 Inch Depth)

Depth (mm)

Test performed on July 16, 2019, Location 12 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.11: Test performed on July 16, 2019, Location 13 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.12: Test performed on July 16, 2019, Location 15 (only 2 tests completed)
290



Blow Count

Blow Count
] 2 4 i 8 10 12 (1] 3

2 4 ! 8 10 12
0 0
% Test UL - Outlier ' ' X Test UL
® TestUR | ® Test UR
- emcbe-| # TestCE .
" - 4 b AW WX 1 T ® Test CE
A TestLl h :
! B Test LR ' ! ! & Test LL - Outlier
I WN- R T R t-={ —Linear (1 Inch Depth) |- L Y 4 -
- : - ‘ :
E s : =R T S S g T demsanns e et e sy e SRR T
= i g i
= H = !
= : = H
o I S S T i ChCR - R SR —— [y J S SE—— PO R L O - TR S —
= i = i
-------------------------------------- e et ST e TSR e e O o T
30 - B R T
Blow Count
0 2 4 6 8 10 12
0
: ! : X Test UL
P i | @ Testur
' * Test CE
10 i R R .| —Linear (1 Inch Depth) |.

Depth (mm)

Figure J.13: Test performed on July 17, 2019, Location 17 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.14: Test performed on July 17, 2019, Location 18 (left = 4 tests, right = 3 tests)
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Figure J.15: Test performed on July 17, 2019, Location 19 (top left = 5 tests, top right = 4 tests,

bottom =

3 tests)
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Figure J.16: Test performed on July 17, 2019, Location 20 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.17: Test performed on July 17, 2019, Location 21 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.18: Test performed on July 17, 2019, Location 22 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.19: Test performed on July 18, 2019, Location 23 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.20: Test performed on July 18, 2019, Location 24 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.21: Test performed on July 18, 2019, Location 25 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.22: Test performed on July 18, 2019, Location 28 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.23: Test performed on July 19, 2019, Location 30 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Test performed on July 19, 2019, Location 31 (top left = 5 tests, top right = 4 tests,
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Test performed on July 19, 2019, Location 32 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.26: Test performed on July 19, 2019, Location 33 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.27: Test performed on July 19, 2019, Location 34 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.28: Test performed on July 19, 2019, Location 35 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.29: Test performed on July 19, 2019, Location 36 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.30: Test performed on July 23, 2019, Location 37 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.31: Test performed on July 23, 2019, Location 38 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.32: Test performed on July 23, 2019, Location 39 (top left = 5 tests, top right = 4 tests,
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Figure J.33: Test performed on July 23, 2019, Location 40 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.34: Test performed on July 23, 2019, Location 41 (only 3 tests completed)
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Figure J.35: Test performed on July 23, 2019, Location 42 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.36: Test performed on July 23, 2019, Location 43 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.37: Test performed on July 24, 2019, Location 44 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Test performed on July 24, 2019, Location 45 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)

314



4 6

Blow Count

2 8 10 1 14 0 2 4 10 1
0
' {5 Tes it ' P [ x Testul
: i | ® Test UR - Outlier ® Test UR - Outlier
- i- ceejo] ® TestCE -
A i + H H ¢ * Test CI
: DA Tes
: : U | m Test LR - Outlier §| & TestLL
10 femmmmmnmnmnn Lomea- R -i- -4-{—Linear (1 Inch Depth)}- ---jo{—Linear (I Inch Depth)}

Depth (mm)

y =2 2881x

R = 0.9086

Figure J.39:

Depth (mm)

Test performed on July 24, 2019, Location 46 (top left = 5 tests, top right = 4 tests,

Blow Count
0 2 4 6 8 10 12
H % Test UL
® Test UR - Outlier
,,,,,,, O R VRS F SRS
* Test CF
! |—Linear (1 Inch Depth)

bottom = 3 tests)

315



Blow Count

Blow Count
y 1 4 5 6 7 0 1 3 4 5 6
0 0
: % Test Ul : 3 : : | x Testun
® TestUR i ' ' ' D@ TestUR
_________ ® Test CE . : | : ; .
- [ Y— T TN VR RS AR R ® Test CE
A TestLI : ; i ' 1
W TestLR & Testll
10 inear (1 Inch Depth)] | |—Linear (1 Inch Depth)
10 ;
- -
E s =
E E
= =15
= =
Q-Il &
2 @
a =

30
Blow Count
i] 1 3 1 6
0
i % Test UL
; ® Test UR
77777777777 x{ ~ T & Test CF
i ! |—Linear (1 Inch Depth)
10

Depth (mm)

Figure J.40: Test performed on July 24, 2019, Location 47 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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bottom = 3 tests)

317



Blow Count

Blow Count
) 1 4 ] 1 3 4
0 0
: H X Test UL ' : H ' X Test Ul
® Test UR : : 3 ® Test UR
* Test CE ) : : : i * Test Cl
*************************************************** & Test LI - s e e e I
- el & TestLI
|—Lnear (1 Inch Depth)| 1 Inch Depth)
10 - 10 fmmmmmmmmmm b
P~ -
g £
E E
=15 PR EIE Shhhhhieints Sttt i Sk JEN g ittt ittt ettt
s s
) [
3 @
=] =]
20 20 B o R e
_____________________________________________________________________ [P S
30 30
Blow Count
i 1 3 4
0
H ' H % Test UL
® Test UR
777777777777777777777777777777777777777777777777777777 * Test CI
inear (1 Inch Depih)
10

Depth (mm)

Figure J.42: Test performed on July 24, 2019, Location 49 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure J.43: Test performed on July 24, 2019, Location 50 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.1: Test performed on July 9, 2019, Location 1 (top left = 5 tests, top right = 4 tests,

bottom =3
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Figure K.3: Test performed on July 10, 2019, Location 5 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.4: Test performed on July 10, 2019, Location 6 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)

323



Blow Count
6 8 10 12 14 16 18 20 0

Blow Count

2 4 6 H 10 1 14
0 0 +
10 !
10 :
20 !
20 + [ )
Ew : 1 s !
-1 =0 . Y S T T I ——
2 2 | i : |
o4 ] | 4 Dae ! ' '
= /A i : : :
: 40 rmmmm e e X D 8 bee-
0 : a s a a
| | e |
w“ ! : : : : : ! 50 : ate-
70 60
Blow Count
0 2 4 6 8 10 14 16
] + +
| % Test UL
: ® Test UR
L L e S . TesCl
P e — Linear (2 Tnch Depth)
0

Figure K.5:

Depth (mm)

60

Test performed on July 16, 2019, Location 7 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.6: Test performed on July 16, 2019, Location 8 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.8: Test performed on July 16, 2019, Location 10 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.9: Test performed on July 16, 2019, Location 11 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.11: Test performed on July 16, 2019, Location 13 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.12: Test performed on July 16, 2019, Location 15 (only 2 tests completed)
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Figure K.13: Test performed on July 17, 2019, Location 17 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.14: Test performed on July 17, 2019, Location 18 (left = 4 tests, right = 3 tests)
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Figure K.15: Test performed on July 17, 2019, Location 19 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.16: Test performed on July 17, 2019, Location 20 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.17: Test performed on July 17, 2019, Location 21 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.18: Test performed on July 17, 2019, Location 22 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.20: Test performed on July 18, 2019, Location 24 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.22: Test performed on July 18, 2019, Location 28 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)

339



Blow Count Blow Count

0 5 10 15 20 25 0 2 4 6 H 10 12 14 16 18
0 + 0 +
X Test UL % Test UL
® Test UR : ] ! : H ! @ Test UR
I S FEC R S R — SR * Testtd - LI S—— * Test CF
} | | A Test LL - Outlier
A e B Test LR A TestLL
—Lincar (2 Inch Des — Linear (2 Inch Depth)
FY Y VN S, Sy S I incar (2 Inch Depth)| 20 pth)|
Al xe -
E 30 " S S E 30
-1 A » n -1 a .
= | =
Bea0 o drmndemen O Tl SRR T I S S s T
=] =]
A ExXY ] 4 .
50 1 . . AT ST
i e e T s R S I
70 - - : : 70
Blow Count
0 2 4 6 8 10 12 14 16 18
0 +
% Test UL
»
: ' : : : : ® Test UR
I S [0 N SN RS S SR I
: : : : : ' * Test CI
xe ' ] : | —Linear (2 Inch Depth)
0 K-
30 B SR " ===1=
NN e
: g e
50 - - i

60

Figure K.23: Test performed on July 19, 2019, Location 30 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.24: Test performed on July 19, 2019, Location 31 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.25: Test performed on July 19, 2019, Location 32 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.27: Test performed on July 19, 2019, Location 34 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.29: Test performed on July 19, 2019, Location 36 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.30: Test performed on July 23, 2019, Location 37 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.31: Test performed on July 23, 2019, Location 38 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.32: Test performed on July 23, 2019, Location 39 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.33: Test performed on July 23, 2019, Location 40 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)

Blow Count
0 h 10 15 20 25 30 35 40
0 + +
1 \ H H "
1 | | X Test UL - Outlier
X i | | 1 |
| | ® Test UR
H i )
10 $-----on-- S o e e cdicceeooo A - -
: ! H W TestLR
i | i i |
. X | | ——Linear (2 Inch Depth)
1 1
H : : T
20 fommmemmeed : L
. ]
T H 1
E : : :
£ H 1 H
= |
=30 ! J | H
= | | - | | : |
a a ! ' P i a
T S S Y R I | G R
: v 1 1 ] :
H 1 : H 1 . H
: : : Px :
i | : : | ‘ :
P10 S deccemceood R, PO Y S SR Vo S
H 1 : H 1 : H
H 1 1 H
3 ; | ;
60 - -

Figure K.34: Test performed on July 23, 2019, Location 41 (only 3 tests completed)
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Figure K.35: Test performed on July 23, 2019, Location 42 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.36: Test performed on July 23, 2019, Location 43 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.37: Test performed on July 24, 2019, Location 44 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.38: Test performed on July 24, 2019, Location 45 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.39: Test performed on July 24, 2019, Location 46 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.40: Test performed on July 24, 2019, Location 47 (top left = 5 tests, top right = 4 tests,

Blow Count

Blow Count

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12
+ 0 +
: X Test UL : : ] P % Testun
! ® Tt ! ! ! i ® TestUR
t -+ o * TestCI 10 - Bt = i & Test
] A TestLl ] i ] H
W Testir : i : §| & Testin
! |—Linear (2 Tnch Depth) * : ' i |—Linear (2 Inch Depth)
enid Linear (2 Inch Depth)| 20 . . toee . pth)|
Lox e 1
30 I e
= A EaC R
= | !
T e e T TIPS S drmmmmmbeme R s SRR R SRR
. .
50
----------------------------------------------------------------------------------------- 17/ T SRS RIS IO RIS JUI IS SIS RIS
70

0 2 4 6 3 10 12 14
0 +
] ] ! V] x Testur
; H i@ Test UR
10 Lo 1% S S
] ¢ e Testcr
x H } |[—Linear (2 Inch Depth),
0 -+
=30 -ix-- -+
= H H
& ' =
* ¢ H
a H
40 v +_
[ .
T U S SR SRR R N P
60

bottom = 3 tests)

356



Blow Count Blow Count

0 5 10 15 20 25 0 5 10 15 20
0 + 0 t
X Test UL X Test UL
® Test UR H H | ® Test UR
10 * Test CE L . Fommmm e doommosooono o] R * Test CF
A TestLl H : :
B Test LR A TestLI
—Linear (2 Inch Deptl) —Linear (2 Inch Depth)
) I incar (2 Inch Depth)| _ [V R & - T Lt B
A X
£y E
s s
o 40 a0
= a
S0 S0
60 60
0 L = L L 70

Blow Count

0 10 1 0
0 +
| | X Test UL
: ® Test UR
1O o fomm e e S
; * Test Ol
-
: —Linear (2 Inch Depth)
20 o = -

E 4
= x o .
=
L e A X N B
a
x -
1 L L LT T TR P Sy TP e

Figure K.41: Test performed on July 24, 2019, Location 48 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.42: Test performed on July 24, 2019, Location 49 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure K.43: Test performed on July 24, 2019, Location 50 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.1: Test performed on July 9, 2019, Location 1 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.2: Test performed on July 10, 2019, Location 4 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.3: Test performed on July 10, 2019, Location 5 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.4: Test performed on July 10, 2019, Location 6 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.5: Test performed on July 16, 2019, Location 7 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.6: Test performed on July 16, 2019, Location 8 (top left = 5 tests, top right = 4 tests,
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ottom = 3 tests)
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Figure L.9: Test performed on July 16, 2019, Location 11 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.10: Test performed on July 16, 2019, Location 12 (top left = 5 tests, top right = 4 tests,
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Figure L.11: Test performed on July 16, 2019, Location 13 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.12: Test performed on July 16, 2019, Location 15 (only 2 tests completed)
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Figure L.13: Test performed on July 17, 2019, Location 17 (top left = 5 tests, top right = 4 tests,

Blow Count

Blow Count

1] 5 10 15 20 3 30 35 1] 5 10 15 20 -~ 30
+ + + + + 0 + + + + +
: : ' % Test UL N ! % Test UL
® Test UR L i G e S L RE R R ® TestUR
* Test C
# Test CF
4 TestLl 20 oo AN b
A TestLL

W Test LR

—Linear (3 Inch

—Linear

100

Blow Count

0 15 20 25 30 s
0 +
X Test UL
10
® Test UR
20 * Test CE
0 —Linear (3 Inch Depth)
_
= 40
|
2
= 50
=%
g
e T L e EEEE LR
£ e T et TRt LU EL R EE SR EL e
80
B R B R e
100 - - - -

bottom = 3 tests)

371




Blow Count Blow Count
40 50 60 70 80 90 o 10 20 30 40 50 60 10

+ + 0 + + + + + +
* Test UL X Test Ul
""" ® Test UR
® Test UR
+ Test CF
- # Test CE
A Test LL - Outlier
—Linear (3 Inch Depth) —Linear (3 Inch Depth)

Depth (mm)

100 . - . . L L - . 100

Figure L.14: Test performed on July 17, 2019, Location 18 (left = 4 tests, right = 3 tests)
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Figure L.15: Test performed on July 17, 2019, Location 19 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.16: Test performed on July 17, 2019, Location 20 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.17: Test performed on July 17, 2019, Location 21 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.18: Test performed on July 17, 2019, Location 22 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.19: Test performed on July 18, 2019, Location 23 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.20: Test performed on July 18, 2019, Location 24 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.21: Test performed on July 18, 2019, Location 25 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.22: Test performed on July 18, 2019, Location 28 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.23: Test performed on July 19, 2019, Location 30 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.24: Test performed on July 19, 2019, Location 31 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.25: Test performed on July 19, 2019, Location 32 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.26: Test performed on July 19, 2019, Location 33 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.27: Test performed on July 19, 2019, Location 34 (top left = 5 tests, top right = 4 tests,
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Figure L.28: Test performed on July 19, 2019, Location 35 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.29: Test performed on July 19, 2019, Location 36 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.30: Test performed on July 23, 2019, Location 37 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.32: Test performed on July 23, 2019, Location 39 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.33: Test performed on July 23, 2019, Location 40 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.34: Test performed on July 23, 2019, Location 41 (only 3 tests completed)
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Figure L.35: Test performed on July 23, 2019, Location 42 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.36: Test performed on July 23, 2019, Location 43 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.37: Test performed on July 24, 2019, Location 44 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.38: Test performed on July 24, 2019, Location 45 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.39: Test performed on July 24, 2019, Location 46 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.40: Test performed on July 24, 2019, Location 47 (top left = 5 tests, top right = 4 tests,
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Figure L.41: Test performed on July 24, 2019, Location 48 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure L.43: Test performed on July 24, 2019, Location 50 (top left = 5 tests, top right = 4 tests,
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Appendix M

100 Millimeter Penetration Field Data
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Figure M.1: Test performed on July 9, 2019, Location 1 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure M.3: Test performed on July 10, 2019, Location 5 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure M.5: Test performed on July 16, 2019, Location 7 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure M.6: Test performed on July 16, 2019, Location 8 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure M.7: Test performed on July 16, 2019, Location 9 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure M.8: Test performed on July 16, 2019, Location 10 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure M.9: Test performed on July 16, 2019, Location 11 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure M.12: Test performed on July 16, 2019, Location 15 (only 2 tests completed)
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Figure M.13: Test performed on July 17, 2019, Location 17 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.15: Test performed on July 17, 2019, Location 19 (top left = 5 tests, top right = 4

tests, bottom =
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Figure M.16: Test performed on July 17, 2019, Location 20 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.17: Test performed on July 17, 2019, Location 21 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.18: Test performed on July 17, 2019, Location 22 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.19: Test performed on July 18, 2019, Location 23 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.20: Test performed on July 18, 2019, Location 24 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.21: Test performed on July 18, 2019, Location 25 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.23: Test performed on July 19, 2019, Location 30 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.24: Test performed on July 19, 2019, Location 31 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.25: Test performed on July 19, 2019, Location 32 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.26: Test performed on July 19, 2019, Location 33 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.27: Test performed on July 19, 2019, Location 34 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.28: Test performed on July 19, 2019, Location 35 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.29: Test performed on July 19, 2019, Location 36 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.31: Test performed on July 23, 2019, Location 38 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.32: Test performed on July 23, 2019, Location 39 (top left = 5 tests, top right = 4
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tests, bottom = 3 tests)
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Figure M.33: Test performed on July 23, 2019, Location 40 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.34: Test performed on July 23, 2019, Location 41 (only 3 tests completed)
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Figure M.35: Test performed on July 23, 2019, Location 42 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.36: Test performed on July 23, 2019, Location 43 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.37: Test performed on July 24, 2019, Location 44 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.39: Test performed on July 24, 2019, Location 46 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.40: Test performed on July 24, 2019, Location 47 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.41: Test performed on July 24, 2019, Location 48 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure M.42: Test performed on July 24, 2019, Location 49 (top left = 5 tests, top right = 4

tests, bottom = 3 tests)
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Figure N.1: Test performed on July 9, 2019, Location 1 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure N.7: Test performed on July 16, 2019, Location 9 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure N.8: Test performed on July 16, 2019, Location 10 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure N.9: Test performed on July 16, 2019, Location 11 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure N.10: Test performed on July 16, 2019, Location 12 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure N.11: Test performed on July 16, 2019, Location 13 (top left = 5 tests, top right = 4 tests,
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Figure N.12: Test performed on July 16, 2019, Location 15 (only 2 tests completed)



g
E

Blow C

100

a0

80

10

10

100

90

80

10

10

X Test UL

® Test UR

* Test CE

Linear (Full Depth)

A Test LI

X

[}

£

2 |
D

0

AEEV\.ﬁﬁp—:J

[t

160

180

200

Test UL
® Test UR
.

E
A

Test CI
Test LI

(
100

(wun) yyda

C

ount

Blow C

100

a0

80

® Test UR

Test CE

*

Linear (Full Depth)

AEEvl—_E;m

5 tests, top right = 4 tests,

17 (top left =

1on

, Locati

, 2019

Test performed on July 17

Figure N.13

= 3 tests)

bottom

451



300 350

250

ount

Blow C

100

300 350

250

00

ount

Blow C
100

100

Linear (Full Depth)
a0

Lincar (Full Depth)

x Test UL
® Test UR
+ Test CE
80
x Test UL
® Test UR
* Test CE
A TestLI

ount

4 tests, right = 3 tests)

Blow C

0

100

a0

18 (left

80

Linear (Full Depth)

X Test UL
* Test CI

1on

10

2019, Locat

= & % 8 88 & & 8§ 8 2 8 = % § 8 8 8 8§ & 8 g g s
() yydag (urw) yadag m _
= _ o
‘e iee ]

10

ount

0
140
160
180
200

AEEvl.:..T_m

Blow C

Test performed on July 17

Figure N.14

- = = & = =] =) = 3 ] =1 . 5] B & = S =1 F -] ] =

() yydag () yidag

top right = 4 tests,

5 tests,

19 (top left

ion

3 tests)

452

Test performed on July 17, 2019, Locat
bottom

Figure N.15



ount

Blow C

ount

Blow C

0

100

60

10

20

120

100

80

60

X Test UL

® Test UR
* Test CE
A TestLL

Lincar (Full Depth)

AEEV\:EQ_M o

AEEV\._E.._M

140

ount

Blow C

120

100

80

60

40

Test UL

x

@ Test UR

Test CE

*

Linear (Full Depth)

0

8
00

AEEvl—_Eam

200

5 tests, top right = 4 tests,

2019, Location 20 (top left =

Test performed on July 17

Figure N.16

= 3 tests)

bottom

453



Blow Count

Blow Count
10 20 30 10 50 60 70 80 a0 100 0 10 20 30 40 50 60 70 0 90 100
0 + 0 + + + t+ + + + +
x Test UL H | | | : i X Test Ul
20 ® Test UR 20 ; ; ; " | @ Test UR
* Test CI
* Test CE
40 & Test1l 40
W Test LR A TestLI
60 —Linear (Full Depth) 60 —Linear (Full Depth)
’E 80
£
- 100
=
o,
o
o120
140
160
180 180
S0 : : : : : : : S0 : ! | | i i :
Blow Count
0 10 20 30 40 50 60 70 80 0 100
0 + +
X Test UL
20
® Test UR
40 * Test CF
—Linear (Full Depth)
60
E‘ 80
£
= 100
=
=3
o
o 120
140
160
180
200

Figure N.17: Test performed on July 17, 2019, Location 21 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure N.25: Test performed on July 19, 2019, Location 32 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure N.27: Test performed on July 19, 2019, Location 34 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure N.28: Test performed on July 19, 2019, Location 35 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure N.29: Test performed on July 19, 2019, Location 36 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure N.31: Test performed on July 23, 2019, Location 38 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure N.35: Test performed on July 23, 2019, Location 42 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure N.36: Test performed on July 23, 2019, Location 43 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure N.37: Test performed on July 24, 2019, Location 44 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure N.38: Test performed on July 24, 2019, Location 45 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure N.40: Test performed on July 24, 2019, Location 47 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Figure N.42: Test performed on July 24, 2019, Location 49 (top left = 5 tests, top right = 4 tests,

bottom = 3 tests)
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Appendix N

Summary of Sections, Subsections, and Locations

M Section 1 N Section 2 - Section 3 -
- 7/2/19 - 7/3/19 - 7/8/19 -
Subsection _|_  Subsection _|_  Subsection .|  Subsection Subsection . | Subsection
< 1 rlm 3 > 3 rl‘\ 1 r 5 ra |\ 6 r
STA. STA. STA. STA. STA. STA. STA.
423+45 421422 418+99 416468 414+37 411498 409458
&) |
Ew @
$
(=R 8
7 - |
5 @ . : : | 2
= i Location 1: CS | Location 2: i Location 4: CS | Location 5: i Location 7: i Location 9: C§ |
| | Left CS | Left CS | Left CS |
Location 3: Location 6: Location 8:
Right CS Right CS Right CS
Roadway: LEGEND
AT Hwy 84 Bypass Eastbound PMCS = PM Cylinder Strength

Construction Location:
East of Elba, West of New Brockton

Figure O.1: Subsection layout for Station 423+45 to Station 409+58

N

CS = Core Strength
= Core Location
® = Sample Location of PM
Cylinder Material

= =FEdge of Pavement
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P Section 4 - Section 5 - Section 6 -
- 7/9/19 - 7/10/19 - 7/11/19 7
. Subsection |  Subsection _|. Subsection .|. Subsection Subsection | Subsection
= 7 T [} T 9 N 10 - 11 -1~ 12 ”
STA. STA. STA. STA. STA. STA. STA.
409+58 407+58 405+57 402+59 399460 397+72 395+84
= i '
Zz @ 4
=B b
5% Q@ ® X ® R ® ® X & ® ® 8
- V*
Z5 . . ! . ! R
- ! Location 10: | Location 13: | Location 17: i Location 20: | Location 23: | Location 26: |
! Left PMCS | Left CS | Left PMCS | PMCS | Left PMCS | Left CS
Location 11: Location 14: Location 18: Location 21: Location 24: Location 27:
Right PMCS Left PMCS Left CS CSs CS Left PMCS
Location 12: Location 15: Location 19 Location 25: Location 28:
CSs Right CS Right CS Right PMCS Right C8
Location 16: Location 20: Location 29:
Right PMCS Right PMCS Right PMCS
LEGEND
Roadway: PMCS = PM Cylinder Strength

AL Hwy 84 Bypass Eastbound
Construction Location:
East of Elba, West of New Brockton

N

CS = Core Strength
= Core Location
® = Sample Location of PM
Cvylinder Material
= = Edge of Pavement

Figure O.2: Subsection layout for Station 409+58 to Station 395+84
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" Section 7 o Section 8 o Section 9 N
™ 7/12/19 “ 7/16/19 “ 7/17/19 -
. Subsection |, Subsection |  Subsection .|  Subsection Subsection . | Subsection
= 13 1= 14 T 15 71T 16 - 17 - 18 -
STA. STA. STA. STA. STA. STA. STA.
305+84 394+09 392+33 389+53 386+72 384+47 382+22
E o - i
? ’
£8 ® . ® ® ®  ® °® ® ®  ®_® ® ®
= 1 |+
- = b2
= @) : : ' : ' L
| Location 30: | Location 33: | Location 37: Location 41: | Location 44: Location 48: i
| Left PMCS | Left CS | Left PMCS ' CS | Left PMCS ! Left PMCS
Location 31: Location 34: Location 38: Location 42: Location 45: Location 49:
CS Left PMCS Left CS Left PMCS Left CS Right PMCS
Location 32: Location 35: Location 39: Location 43: Location 46: Location 50:
Right PMCS Right CS Right CS Right PMCS Right PMCS CS
Location 36: Location 40: Location 47:
Right PMCS Right PMCS Right CS
LEGEND
Roadway: PMCS =PM Cylinder Strength
AL Hwy 84 Bypass Eastbound CS = Core Strength
Construction Location: = Core Location

East of Elba, West of New Brockton

N

® = Sample Location of PM
Cylinder Materal
— = Edge of Pavement

Figure O.3: Subsection layout for Station 395+84 to Station 382+22
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Roadway:

Section 10

N 7/18/19 -
Subsection _|_  Subsection
= 19 .-r|"~ 70 Cal
STA. STA. STA.
3582+22 380400 376+65
=
Za - 2 ¢
=& ! > o
=8 @°Q® | ® ® af
= | il
25 . % Z
- ' Location 51: ' Location 55: Q
' Left PMCS L CS
Location 52: Location 56:
CSs Left PMCS
Location 53: Location 57:
Right PMCS Right PMCS
Location 54:
CSs
LEGEND

Al Hwvy &4 Bypass Eastbound
Construction Location:
East of Elba, West of New Brockton

PMCS = PM Cylinder Strength
CS = Core Strength
= Core Location
N (& = Sample Location of PM
Cylinder Material

= = Edge of Pavement

Figure O.4: Subsection layout for Station 382+22 to Station 376+65
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