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8 Abstract

9 The ultimate shaft capacity of pile foundations in frozen grounds has long been correlated to the long-term shear strength of the sur-
10 rounding frozen soils using a surficial roughness factor ‘‘m”. This roughness factor is different for different pile materials (e.g., steel, con-
11 crete, and timber), but is often assumed to be constant for any soil type, ground temperature, or stress condition. The current study
12 evaluates the validity of the proposed roughness factor ‘‘m” for steel piles embedded in frozen clay and exposed to different scenarios
13 of ground temperatures and normal stress levels. Interface element tests were utilized to characterize the shear strength of frozen Leda
14 clay and the adfreeze strength of the pile-frozen clay interface and to investigate the proposed roughness factor ‘‘m” for steel piles
15 exposed to various temperatures and normal stress conditions. The experiments were carried out in a walk-in temperature-controlled
16 environmental chamber. Roughness factor ‘‘m” was found not to be a constant number for a given pile material, but rather to decrease
17 with an increase in the freezing temperature. A frictional factor ‘‘n”, analogous to roughness factor ‘‘m”, was also introduced to correlate
18 the frictional resistance of frozen soil to the frictional resistance of the pile-soil interface. A temperature-dependent empirical equation
19 was also proposed for predicting the shaft capacity of steel piles based on the shear strength parameters of the surrounding ice-rich clay
20 soil.
21 � 2019 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
22 NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

23 Keywords: Pile foundations; Frozen ground; Ice-rich soil; Adfreeze strength; Roughness factor; Frozen soil shear strength
24

25 1. Introduction

26 The performance of pile foundations in frozen grounds
27 has long been evaluated both in the field (e.g., Vialov
28 1959; Crory 1963; Johnston and Ladanyi 1972; Nixon
29 1988; Biggar and Sego 1993; Aldaeef and Rayhani 2019a,
30 2019b) and in the laboratory (e.g., Parameswaran 1978,
31 1979, 1981, 1987; Sego and Smith 1989; Ladanyi and
32 Theriault 1990; Aldaeef and Rayhani 2017). However,
33 most design procedures were developed based on data
34 collection and interpolations with limited comprehensive

35studies on the performance of pile foundations in various
36types of frozen soils when exposed to different tempera-
37tures and different stress conditions (e.g., Nixon and
38McRoberts 1976; Nixon 1978; Morgenstern et al. 1980;
39Weaver and Morgenstern 1981).
40Frozen soil is a multiphase system of ice, unfrozen
41water, air, and soil particles. Thus, the mechanical response
42of pile foundations in frozen grounds could be more com-
43plex than that in unfrozen grounds. Frozen soil, in general,
44exhibits viscoplastic strength and deformation behaviors
45due to the presence of an ice matrix, showing time-
46dependent mechanical responses. The strength of frozen
47soils is the result of the cohesion of the ice matrix (known
48also as cementation bonds) and the frictional resistance
49generated between the solid particles (Williams & Smith
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50 1991). However, the strength of frozen soils cannot simply
51 be represented by the sum of the strengths exerted by the
52 crystalline ice and soil grains (Ting 1981).
53 Upon freezing, fine-grained soil is expected to preserve a
54 considerable amount of unfrozen water content even at rel-
55 atively low temperatures. Therefore, besides the thermody-
56 namic condition of the ice-water-soil system, ice could be
57 only one aspect that requires consideration. A varying
58 freezing temperature can cause major changes in the
59 mechanical behavior of frozen soils due to the proportional
60 changes in the quantity of the unfrozen water content.
61 Even with a small amount of unfrozen water content, such
62 as in ice-poor frozen sand, a change in temperature can still
63 cause significant changes in the strength behavior because
64 of the considerable effect of the water phase change from
65 solid to liquid, as reported by Williams & Smith (1991).
66 This was experimentally proven by many researchers,
67 including Aldaeef and Rayhani (2017), who observed an
68 adfreeze bond reduction of approximately 90% after the
69 exposure temperature increased from �1.5 �C to 0 �C.
70 The significant role of the unfrozen water content has been
71 attributed to its existence at the points of contact between
72 the soil particles as well as at the pile-soil interface, sub-
73 stantially influencing the ice bonding concentration
74 (Williams & Smith 1991).
75 Parameswaran (1978) reported that the ultimate bearing
76 capacity of piles depends mainly on the shaft resistance
77 along the permanently frozen depth. The strength gained
78 from end bearing could be negligible for piles installed in
79 ice-rich soils and may only be significant if the piles are
80 installed in ice-poor frozen soils such as bedrock or granu-
81 lar soils (Crory 1963). The US Army/Air Force (1967) sug-
82 gested that the end-bearing capacity could be ignored in
83 design considerations for piles with base diameters smaller
84 than 150 mm regardless of the soil type. This was attribu-
85 ted to the greater movement that is required to mobilize
86 the end bearing compared to the much smaller movement
87 needed to overcome the adfreeze bond along the pile shaft.
88 The principle of the design criteria for pile foundations
89 in frozen soils was initially based on the allowable adfreeze
90 strength obtained from the ultimate adfreeze strength of
91 the pile-soil interface (e.g., Vialov (1959), Crory and
92 Reed (1965), Penner (1970, 1974), Penner and Irwin
93 (1969), Penner and Gold (1971), and Dalmatov et al.
94 (1973)). Johnston and Ladanyi (1972), in contrast, deter-
95 mined the allowable load capacity based on the adfreeze
96 strength that would cause an allowable displacement (or
97 creep) rate over the lifetime of structures to accommodate
98 for the time-dependent behavior of frozen soils. Other
99 researchers, including Nixon and McRoberts (1976),
100 Morgenstern et al. (1980), and Weaver and Morgenstern
101 (1981), suggested checking both the adfreeze strengths
102 and the design based on the smaller values amongst them.
103 An empirical equation proposed by Vialov (1959) was
104 one of the earliest approaches for estimating the long-
105 term adfreeze strength of piles in frozen grounds as a func-
106 tion of the ground temperature. The equation was derived

107based on experimental data collected from full-scale load-
108ing tests on timber piles hand-driven into pre-steamed
109holes in silty sandy loam and argillaceous loam, as follows:
110

sal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:65 h �Cð Þ

p
� 0:3 ð1Þ 112112

113where sal is the long-term adfreeze strength (kgf=cm2) and
114h is the positive value of the temperature below the freezing
115point (�C). Later, in 1963, Crory (1963) conducted a series
116of full-scale loading tests on 200-mm-diameter steel pipe
117piles installed in predrilled frozen silty sand and shaft-
118grouted with silt-water slurry under an average ground
119temperature of �4�C to 0 �C. His results agree very well
120with the results reported by Aldaeef and Rayhani (2017)
121for the ultimate adfreeze strength of steel piles in ice-poor
122soils using interface element tests. The results from both
123studies may be expressed in the following form:
124

sul ¼ 0:098T
�
C

� �þ 0:0581 ð2Þ 126126

127where sul is the ultimate adfreeze strength (MPa) and T is
128the positive value of the freezing temperature (�C).
129Parameswaran (1978) tested model piles made from differ-
130ent materials in frozen sand at �6�C and reported that the
131peak adfreeze strength was at its maximum for wood piles,
132followed by concrete piles and then steel and coated piles.
133Weaver and Morgenstern (1981) correlated the long-term
134adfreeze strength (sal) to the long-term shear strength of
135frozen soil (slt) using a roughness factor ‘‘m” that charac-
136terizes the pile surface and other pile surficial variables such
137as impurities. The long-term adfreeze strength is expressed
138by the following formula:
139

sal ¼ mslt ð3Þ 141141

142The long-term shear strength of frozen soils (slt) has
143often been expressed using the Mohr-Coulomb failure cri-
144terion, as follows:
145

slt ¼ Clt þ rn tan£lt ð4Þ 147147

148where Clt and £lt are the long-term strength parameters of
149frozen soils and rn is the normal stress acting on the shear
150plane. Weaver and Morgenstern (1981) stated that, in fro-
151zen grounds, the normal stress on the shear plane is typi-
152cally less than 100 kPa. This may make the contribution
153of the frictional component to the total pile strength
154insignificant; and thus, it may be disregarded. Therefore,
155the long-term adfreeze strength was reduced to
156

sal ¼ mClt ð5Þ 158158

159Roughness factor ‘‘m” was first extrapolated by Weaver
160and Morgenstern (1981) when data on the shear strengths
161of frozen soils were compared to data on the pile-soil
162adfreeze strengths. A roughness factor of 0.7 was suggested
163for uncreosoted timber piles based on the ratio between the
164adfreeze strength of timber piles in ice to the long-term
165cohesion of ice obtained from the field and experimental
166data of Voitkovskii (1960) and Vialov (1959). A roughness
167factor of 0.6 was inferred for steel and concrete piles based
168on data from field experiments conducted by Johnston and
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169 Ladanyi (1972) and Crory (1963). Weaver and
170 Morgenstern (1981) stated that the long-term adfreeze
171 strengths of steel and concrete piles in the data they used
172 were not well defined; however, 0.6 represented the lower
173 boundary and could still be acceptable for conservative pile
174 designs. Ladanyi and Theriault (1990) evaluated the soil-
175 metal adfreeze bond at �2�C and reported that the long-
176 term shaft resistance of piles in frozen grounds does not
177 solely depend on the long-term adfreeze, but also on the
178 long-term friction angle at the interface and on the total
179 normal stress. Therefore, they improved Weaver and
180 Morgenstern’s (1981) equation by adding the contribution
181 of the long-term friction angle of frozen soil and proposed
182 the following formula:
183

sal ¼ mClt þ rntotal tan£lt ð6Þ185185

186 Interestingly, the experimental results of Ladanyi and
187 Theriault (1990) showed that the frictional resistance was
188 not only dependent on the normal stress, but also on the
189 roughness factor. For a steel-frozen sand interface, the
190 roughness factor increased from 0.1 to 0.3 when the normal
191 stress was increased from 100 kPa to 1100 kPa, but it never
192 reached the value of 0.6 that had been suggested by Weaver
193 and Morgenstern (1981). Although Ladanyi and Theriault
194 (1990) were not confident of using their short-term study to
195 validate the roughness factor, and they suggested more
196 investigations, continuing to use the constant roughness
197 factors in the way that was proposed by Weaver and
198 Morgenstern (1981) became questionable.
199 There are some uncertainties associated with the sug-
200 gested roughness factors as they were extrapolated from
201 very limited field and laboratory data that lacked impor-
202 tant information on soils and piles under certain condi-
203 tions. The data used by Johnston and Ladanyi (1972)
204 and Crory (1963), for example, were obtained from their

205field studies on the adfreeze strength of steel rods and steel
206pipe piles, respectively, with no record of experiments on
207concrete piles. It is not clearly shown that the adfreeze
208strength of piles and the shear strengths of frozen soils were
209obtained under identical conditions (i.e., pile material, soil
210type, stress history, and thermal boundary) that would
211allow for reliable comparisons and accurate estimations
212of the roughness factors. The roughness factor for a steel
213pile in frozen sand, for instance, could be different from
214that in frozen clay or silt. It could also be different for
215two identical steel piles embedded in the same type of soil,
216but exposed to different ground temperatures or installed at
217different depths. The soil to soil interaction behavior may
218be different from pile to soil interaction characteristics
219which may result in different responses at different expo-
220sure conditions, thus leading to different roughness factors.
221The current study summarizes the results of experimen-
222tal programs dedicated to evaluating the impact of thermal
223exposure on the shear strengths of ice-rich soils and the
224shaft resistance of steel piles in ice-rich soils. Several direct
225shear tests were conducted inside an environmental cham-
226ber to measure the cohesion and friction angle of frozen
227soil, the steel-soil adhesion, and the steel-soil friction angle
228at different temperatures and normal stress levels. Accord-
229ingly, roughness factor ‘‘m” was reevaluated under differ-
230ent thermal boundaries and loading conditions.
231Moreover, the paper discusses the contribution of frictional
232resistance to the shaft capacity of steel piles in ice-rich soils.

2332. Test materials

2342.1. Soil material

235A marine soil, known as Leda clay, was used in this
236experiment to represent the ice-rich frozen materials. The

Fig. 1. Soil sampling at Navan Landfill site in Ottawa.
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237 clay soil was sampled intact from the Navan Landfill site in
238 Ottawa, Ontario. The sampling was conducted using 200-
239 liter steel barrels that were carefully pushed into the natural
240 Leda clay using a backhoe (Fig. 1). Before the sampling,
241 the inside surface of the barrels was coated with a thin layer
242 of wax. After the sampling, the top of each clay sample was
243 trimmed, waxed, and sealed with airtight plastic sheets fol-
244 lowed by a steel lid to ensure the maintenance of the natu-
245 ral water content of the collected samples.
246 The basic geotechnical properties of Leda clay, includ-
247 ing the particle size distribution, the Atterberg limits, the
248 bulk density, and the natural water content, were examined
249 (Table 1). The particle size distribution and the clay con-
250 tent of the Leda clay were determined using a sieve analysis
251 and hydrometer tests in accordance with ASTM D422-63.
252 The liquid limit of the soil was 51%, while the plasticity
253 index was 24% based on the Atterberg limit test results
254 (ASTM D4318-10). The average bulk density and water
255 content of the test samples were 1.624 Mg/m3 and 75%,
256 respectively. The hydraulic conductivity of the clay sample
257 was also measured according to the Falling Heading testing
258 technique and using a Rigid-Wall mold (ASTM D5856-95,
259 2007) equipped with a rubber membrane to minimize the
260 side-wall leakage (Table 1).
261 A chemical analysis was also performed on the extracted
262 pore water obtained by squeezing the soil samples under
263 very high pressure. The cation concentrations, including
264 potassium, calcium, and magnesium ions, were determined
265 in the pore water (mg/l), while the sodium concentration
266 was measured based on the acid extractable sodium ions
267 (mg/kg). The cation exchange capacity (CEC) was also
268 determined and the results are presented in Table 2. A ran-
269 dom X-ray powder diffraction analysis was carried out to
270 determine the mineralogical composition of the Leda clay.
271 A semi-quantitative analysis was conducted on the X-ray
272 results to measure the clay mineral components. The most
273 abundant clay mineral found in this soil was illite, compris-
274 ing 83%. The remaining mineral portion comprised kaolin-
275 ite and chlorite with amounts of 11% and 6%, respectively.
276 The results indicated no evidence of any expandable clay
277 minerals (here defined as vermiculite, montmorillonite, or
278 interlayered illite/ smectite) in the test soil (Table 2).

2792.2. Characteristics of the model pile material

280Structural steel specimens were used in this study to rep-
281resent the pile material for the pile-soil interface tests. Steel
282is a common pile material used in cold regions for manu-
283facturing steel piles in several geometries, including pipe
284piles, H-section piles, and helical piers. For relatively warm
285permafrost, open-ended steel-pipe and H-steel piles can be
286driven deeply enough into permafrost to develop a suffi-
287cient adfreeze bond and to provide a high bearing capacity.
288In cold permafrost, closed-ended pipe piles may be
289installed in oversized predrilled holes and backfilled with
290sand-water slurry or grouted with concrete. Pile installa-
291tion in pre-thawed permafrost, using steam or hot water,
292is widely used for H-piles and pipe piles (Kitze 1957).
293In this experiment, a steel plate, 90 mm by 90 mm, was
294used to simulate the shaft surface of a typical steel pile. It
295was machined to couple with the upper half of the direct
296shear box and to provide a steel-soil interface area of
29760 mm by 60 mm. The total and average surface roughness
298values for this particular type of steel were measured as 9.7
299lm and 11.3 lm, respectively. The steel plate was equipped
300with a copper-constantan thermocouple reader inserted in
301a 1-mm diameter hole predrilled underneath the upper sur-
302face of the plate. A 1-mm diameter window was made in
303the middle of the steel plate such that the sensing end of
304the thermocouple reader would be in contact with the soil
305sample in order to track the temperature changes at the
306steel-soil interface (Fig. 2b).

3073. Test equipment

308The roughness factor represents the ratio between the
309pile-soil adhesion strength and the cohesion strength of fro-
310zen soils. Obtaining this factor, however, would require
311using a representative cold environment and a suitable test-
312ing technique. Thus, this experimental investigation was
313carried out in a walk-in environmental chamber that
314enabled cooling to the desired freezing temperature
315through an automatic temperature control system.
316Although the temperature in the environmental chamber
317fluctuated �0:5 �C, the temperature fluctuation within the

Table 1
Physical and hydraulic properties of the test soil.

Characteristic USCS wiave (%) LL
(%)

PI qbave (Mg/m3) % clay Activity k
(m/s)

Physical & hydraulic properties CH 75 51 24 1.624 71 0.34 5.9E-10

Table 2
Chemical and mineralogical properties of the test soil.

Characteristic Sodium
(mg/kg)

Potassium
(mg/l)

Calcium
(mg/l)

Magnesium
(mg/l)

(CEC)*
meq/100 g

Illite Chlorite Kaolinite

Chemicals and
minerals

1700 15 83 40 18 83 6 11

* Cation exchange capacity.
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318 test samples was �0:1 �C as tracked by the thermocouple
319 reader.
320 For evaluating the adfreeze shear strength and the shear
321 strength of frozen clay, a modified direct shear test appara-
322 tus was employed in accordance with ASTM D3080/
323 D3080M-11 and ASTM D5321-12. The apparatus consists
324 of conventional and modified shear boxes designed to
325 mount on a shear-rate-controlled testing frame (Fig. 2a
326 and b). The conventional shear box, which was used to test
327 the shear strength parameters of the frozen clay, consists of
328 two attachable hollow square parts designed to confine the
329 test sample within the hollow space and machined to facil-
330 itate shearing along a predefined horizontal plane. In con-

331trast, a modified shear box was used to test the steel-soil
332adfreeze shear strength. It consists of a lower solid square
333steel plate machined to couple with the upper hollow
334square part of the shear box such that a steel-soil interface
335element is produced to simulate the pile set-up in the field
336and to facilitate shearing along the line of the interface.
337The direct shear test apparatus was placed inside the
338walk-in environmental chamber to enable shear testing at
339various temperatures below the freezing point. The testing
340mechanism of the apparatus depends on imposing a con-
341stant horizontal shear velocity on the test sample while
342continually recording the shear force, the horizontal shear
343displacements, and the vertical displacements. The dis-

Fig. 2. Conventional and modified shear box assemblies for shear strength testing.
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344 placements were measured by Linear Variable Differential
345 Transducers (LVDTs) to an accuracy of 0.001 mm. The
346 desired normal stress was applied using a dead load sub-
347 jected vertically to the top of the soil sample through a
348 steel-bearing arm. The test data were recorded at a fre-
349 quency of one data point per second using a data acquisi-
350 tion system and plotted in-real time on a LabVIEW
351 platform.

352 4. Sample preparation

353 All the test samples were obtained from Leda clay soil in
354 200-liter steel barrels. A Shelby tube sampler, with an inner
355 diameter of 101.6 mm, was used for the soil coring from the
356 barrel. The soil was then extracted from the Shelby tube
357 using a mechanical extruder and cut into two different
358 heights, namely, 60 mm for the frozen soil testing and
359 30 mm for the steel-soil interface testing. For the frozen soil
360 testing, the 60 mm-high cylindrical specimens were
361 trimmed to a square shape of 62 mm � 62 mm. The upper
362 hollow square part of the shear box was oiled and gently
363 pushed through the clay specimen, followed by the lower
364 part, until the soil reached the base of the lower part of
365 the shear box and the two parts of the shear box came into
366 contact with each other. The two parts were then tightened
367 together with steel screws and the top of the clay specimen
368 was trimmed to the final height. A similar procedure was
369 followed for preparing the interface samples where the
370 upper hollow square part of the shear box was oiled and
371 gently pushed through the 30-mm-high clay specimens.
372 The upper part of the shear box, containing the soil speci-
373 men, was then placed on top of the steel plate and they
374 were tightened together with two steel screws. The soil
375 specimen in the upper part of the shear box was then gently
376 pushed back against the steel plate to ensure full contact
377 between the soil and the steel plate. The top of the soil spec-
378 imen was then trimmed to the final height. The final dimen-
379 sions of the clay specimens used for the shear strength
380 testing of the frozen clay were 60 mm by 60 mm by
381 50 mm compared to the specimen’s dimensions of 60 mm
382 by 60 mm by 25 mm used for the adfreeze strength testing
383 of the steel-soil interface. The initial bulk density, initial
384 gravimetric water content, and ultimate shear strength of
385 each test sample are presented in Table 3.

386 5. Consolidation and freezing process

387 To evaluate the consolidation behavior of the test soil, a
388 T5 tensiometer was inserted at the base of the direct shear
389 box such that the ceramic tip of the tensiometer would pen-
390 etrate the bottom of the clay specimen. The tensiometer
391 enabled the measurement of the excess pore water pressure
392 (PWP), while an LVDT was used to measure the consolida-
393 tion settlement all corresponding to the applied normal
394 stresses. This test set-up provided information on the time
395 needed for the PWP dissipation and consolidation settle-
396 ment processes under the test normal stresses, thus ensur-

397ing the achievement of effective consolidation pressure
398before starting the process of freezing. Fig. 3 shows a sam-
399ple of the excess PWP history and the consolidation settle-
400ment for a specimen exposed to a normal stress of 400 kPa.
401As the normal stress of 400 kPa was applied to the test
402sample, the excess PWP, and hence, the consolidation dis-
403placement, respectively progressed. The excess PWP
404reached a maximum value of around 92 kPa shortly after
405the application of normal stress and then started to decline
406over time to achieve complete dissipation after 100 min of
407the load onset. A similar period of time for the excess PWP
408dissipation in the same type of soil was reported by
409McQueen et al. (2015) from Cone Penetration test results.
410The consolidation settlement, on the other hand, showed
411a major increase as the normal stress was applied and the
412excess PWP tended to dissipate with the progress of the
413consolidation. As the excess PWP completely dissipated,
414the rate of consolidation settlement significantly decreased,
415recording a strain rate of 0.002%/min at the end of test.
416This indicates that the sample may have completed the con-
417solidation settlement stage and entered into the creep set-
418tlement stage. To compare the excess PWP and
419displacement histories with the temperature history, the
420change in temperature over the time was plotted in
421Fig. 3. The temperature in the cold room was cooled down
422to 0.0 �C and then changed to the freezing test temperature
423which, in this example, was �10.0 �C. Similar cooling and
424freezing processes were followed for the test specimens used
425in the shear testing under various freezing test tempera-
426tures. The results showed that the excess PWP had fully
427dissipated well before the temperature reached the freezing
428point. Indeed, the temperature within the test sample
429dropped from +22.0 �C to +8.0 �C for the first 100 min
430over which a complete consolidation was observed. Beyond
431this point, 170 min were needed to cool the test sample to
432+0.2 �C, followed by 330 min that were required to freeze
433the test sample to �10.0 �C. These results confirm that
434the test samples will be fully consolidated during the cool-
435ing time period and well before the freezing process is
436begun. Therefore, this process has been adopted for
437preparing the test samples for shear testing. The peaks of
438the pore water pressures and consolidation settlements
439were smaller under lower normal stresses; thus, shorter
440times were respectively observed for the PWP dissipation
441and consolidation settlement. Due to the limitations associ-
442ated with the operational range in temperature of the T5
443tensiometer sensor, the test set-up for measuring the
444PWP dissipation and consolidation settlement was termi-
445nated when the sample temperature reached +1.0 �C and
446before entering the freezing stage to prevent any damage
447to the sensor. Therefore, only the temperature measure-
448ments over time were continued during the freezing pro-
449cess. The volumetric water content (VWC) was also
450measured from a dummy soil sample parallel to the PWP
451measurement to ensure the frost-free condition at +1.0 �
452C. The results showed that the VWC remained constant
453and was equal to 0.68 m3/m3. This ensured that the water
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454 potential was not influenced by the cooling process up to
455 +1.0 �C at which time the PWP measurement was
456 terminated.

457For the shear test, the soil specimen was mounted on the
458direct shear test apparatus inside the environmental cham-
459ber. Immediately afterwards, the desired normal stress was

Table 3
Summary of initial bulk density and initial gravimetric water content along with ultimate frozen shear strength at various test conditions.

T (�C) rn(MPa) Clay soil specimens Soil-steel interface specimens

qbi(Mg/m3) wi(%) sult(MPa) qbi(Mg/m3) wi(%) sult(MPa)

�10 0.025 1.621 76.3 1.97 1.634 75.8 1.90
0.05 1.625 75.2 2.04 1.628 74.0 1.927
0.10 1.619 76.8 2.10 1.628 76.5 2.08
0.20 – – – 1.624 74.2 2.36
0.40 1.622 74.9 2.40 – – –

�7 0.025 – – – 1.627 77.0 1.356
0.05 – – – 1.622 75.1 1.45
0.10 1.626 75.1 1.561 1.617 76.9 1.50
0.20 1.624 74.0 1.60 1.625 73.8 1.80
0.40 1.618 76.5 1.791 – – –

�4 0.025 1.631 74.8 1.10 1.623 76.5 0.833
0.05 – – – 1.629 74.4 0.90
0.10 1.624 73.3 1.172 1.624 77.1 0.952
0.20 1.619 76.8 1.278 1.631 75.9 1.181
0.40 1.627 75.9 1.30 – – –

�2 0.025 1.617 76.1 0.71 1.632 75.1 0.556
0.05 – – – – – –
0.10 1.622 73.6 0.833 1.629 73.8 0.611
0.20 1.621 77.3 0.833 1.622 76.2 0.736
0.40 1.625 75.4 0.92 – – –

�1 0.025 1.628 74.2 0.653 1.620 74.8 0.436
0.05 1.624 74.0 0.70 – – –
0.10 1.632 74.7 0.683 1.627 75.0 0.522
0.20 1.621 74.9 0.744 1.631 75.9 0.597
0.40 – – – – – –

0 0.025 1.626 73.1 0.40 1.616 76.4 0.236
0.05 – – – – – –
0.10 1.627 77.6 0.431 1.627 75.2 0.264
0.20 1.627 76.3 0.472 1.623 75.9 0.355
0.40 – – – – – –

Fig. 3. Excess pore water pressure history and consolidation settlement of specimen under normal stress of 400 kPa during cooling along with temperature
history for cooling and freezing to �10.0 �C.
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460 applied. The temperature was then cooled down to close to
461 the freezing point over a period of 270 min, as shown in
462 Fig. 3, allowing for consolidation and PWP dissipation.
463 Subsequently, the freezing process was started and contin-
464 ued until reaching the desired test temperature. The pur-
465 pose of maintaining the normal stress during freezing was
466 to produce uniform element test specimens by minimizing
467 the formation of ice lenses, and thus, reducing the inhomo-
468 geneity (Wang et al. 2017). The absence of confining pres-
469 sure during freezing, particularly under a slow rate, could
470 lead to the formation of small ice lenses that may reduce
471 the uniformity of the test specimens (Viggiani et al. 2015;
472 Wang et al. 2017).
473 Although one-dimensional freezing action is expected to
474 happen in the field, simulating this field condition in the
475 present experiment was challenging. The main difficulties
476 were associated with the limited space around the test sam-
477 ple and the standard instrumentation fabrications of the
478 test apparatus that prevented the adoption of a reliable
479 measure for imposing 1-D freezing action. Given these lim-
480 itations, the test samples in this experiment were exposed to
481 freezing from all around. Nevertheless, the soil in the field
482 may still experience freeze-back from more than one direc-
483 tion post-pile installation. Two-way freezing action could
484 be enhanced by the superior thermal conductivity of the
485 steel pile at one side and the presence of frozen soil in
486 the vicinity of the pile on the other side. Therefore, this
487 experiment is believed to have captured many aspects of
488 pile foundations in the field.

489 6. Test procedure

490 6.1. Shear strength testing

491 A total of 68 shear tests were conducted in this study to
492 evaluate the shear strength of frozen clay and the adfreeze
493 strength of the steel-clay interface. Out of the 68 tests, 22
494 tests were used for a test-retest reliability assessment and
495 to ensure test repeatability. All the tests were conducted
496 following similar procedures. After placing the test sample
497 inside the environmental chamber, it was left for 24 hrs to
498 acquire thermal and volumetric equilibrium under the
499 desired temperature and normal stress. After 24 hrs, the
500 two steel screws were removed to allow for the two parts
501 of the shear box to move along the line of the interface.
502 The shear load was subsequently subjected to the lower
503 part of the shear box/steel plate, while the upper part of
504 the shear box was restrained by the load cell for measuring
505 the shear resistance. The shear load was applied at a con-
506 stant shear rate of 0.011 mm/min (i.e., 16.3 mm/day). This
507 shear rate was adopted from a similar study performed by
508 Ladanyi and Theriault (1990) on ice-poor frozen sand.
509 Using similar shear rates to those reported in literature
510 and applied to different test materials may be useful for dis-
511 covering the differences in the shear behaviors of various
512 types of frozen grounds. The shear tests were conducted
513 at various temperatures, including �10 �C, �7�C, �4�C,

514�2�C, �1.0 �C, and 0 �C. At each temperature, the peak
515shear strengths and peak interface adfreeze strengths were
516determined under various normal stresses, including
51725 kPa, 50 kPa, 100 kPa, 200 kPa, and 400 kPa.

5187. Results

5197.1. Shear strength of frozen Leda clay

520Stress-displacement curves for the frozen Leda clay sam-
521ples tested at various temperatures and under various nor-
522mal stresses are presented in Fig. 4. Peak strengths were
523typically observed at shear displacements ranging from
5240.36 mm to 2.4 mm and representing a shear strain range
525of 0.6%–4.0%, respectively. The variation in shear displace-
526ment at the peak was mostly associated with the test tem-
527perature where the soil samples tested at higher freezing
528temperatures failed at lower shear displacements. As the
529test temperature was decreased, however, the shear dis-
530placement at failure increased. Most of the shear tests were
531continued after the failure up to 10% strain (6-mm dis-
532placement) in an attempt to characterize the residual shear
533strength.
534Frozen soils tested at temperatures lower than �4.0 �C
535always showed a brittle failure mode demonstrated by the
536significant strength losses recorded right after the peaks.
537As the test temperature rose to higher than �4.0 �C, how-
538ever, the samples started failing in a plastic manner,
539exhibiting less catastrophic failure with relatively smaller
540differences between the peak and the residual strengths.
541In this experiment, the temperature was shown to have a
542substantial effect on the strength behavior of frozen clay.
543The soil tested at �10 �C under a normal stress of
54425 kPa, for example, showed a peak strength of around
5452 MPa. However, its strength under the same normal stress
546but at the freezing point temperature, underwent a signifi-
547cant reduction, demonstrating an ultimate capacity of
548around 0.45 MPa. This thermal change decreased the shear
549strength of the frozen clay by almost 4.5 times, causing a
550reduction in strength of 78%. The loss in strength corre-
551sponding to the applied warming action could be attributed
552to the decrease in the adfreeze bond due to the reduction in
553the ice content and the increase in the unfrozen water
554content.

5557.2. Shear strength of steel-soil interface

556The steel-soil interface testing program was aimed at
557studying the strength behavior of pile foundations in frozen
558clay. The results from this experiment followed a similar
559pattern to that exhibited by the frozen clay with minor dif-
560ferences (Fig. 5). The interface peak strengths, for instance,
561were usually measured at slightly smaller shear displace-
562ments compared to the frozen soil tests recording displace-
563ment values ranging from 0.18 mm to 2.1 mm. As with
564frozen clay, a higher displacement was recorded at the peak
565for the interface tests conducted at lower freezing tempera-
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566 tures. This often would signify a higher ice bond that
567 needed greater energy to be overcome. Brittle behavior
568 dominated most of the interface tests and was more pro-
569 nounced than the behavior witnessed during the frozen clay
570 testing. Subsequently, the interface samples showed
571 immense reductions in strength right after the peak and
572 demonstrated very small residual strengths. The interface
573 tests conducted at 0 �C, however, showed less intensive

574brittle failure and recorded a smooth transition toward
575plastic behavior.
576Freezing temperatures often show a proportional corre-
577lation to the ice content and ice bonding concentration,
578and thus, to the peak strength too. This could be the reason
579for the higher peak interface strengths witnessed at lower
580freezing temperatures. At a normal stress of 25 kPa and a
581test temperature of �10 �C, the interface peak strength

Fig. 4. Stress-displacement curves for frozen clay at different temperatures
and normal stresses.

Fig. 5. Stress-displacement curves for steel-soil interface at different
temperatures and normal stresses.
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582 was around 1.9 MPa. However, the strength under a simi-
583 lar normal stress, but at a temperature of 0 �C, underwent a
584 significant reduction, demonstrating an ultimate capacity
585 of around 0.25 MPa. This thermal change led to the weak-
586 ening of the shear strength of the steel-soil interface by
587 more than 7.5 times, causing a reduction in strength of
588 almost 85%. Indeed, this highlights the significant impact
589 of thermal changes on the ultimate bearing capacity of steel
590 piles in frozen grounds. Although such a dramatic increase
591 in temperature may not be encountered, especially when
592 considering the macroscale level (i.e., effects of global
593 warming), it may occur in the microscale level for different
594 reasons, including improper thermal insulation measures
595 and/or induced warming due to improper pile installation
596 techniques.

597 8. Analysis and discussion

598 The results obtained from this study were used to
599 develop a better understanding of the performance of pile
600 foundations in frozen ice-rich soils. One main goal of the
601 study was to evaluate the possible variation in the rough-
602 ness factor corresponding to thermal changes. Normal
603 stress acting on the pile shaft could be another important
604 aspect to address in this study. In particular, the attempts
605 could be toward quantifying the contribution of frictional
606 resistance to the ultimate shaft capacity of the piles by
607 bringing together the results of this study along with the
608 hypotheses available in literature on the frictional resis-
609 tance and lateral earth pressure in frozen soils. A correla-
610 tion between ground temperature and the ultimate shaft
611 capacity of pile foundations can be established and intro-
612 duced in forms of graphical and/or empirical equations.

613 8.1. Effect of ground temperature on the surficial roughness

614 factor ‘‘m” of steel piles in frozen clay

615 Regardless of the ground temperature and soil type, a
616 constant roughness factor of 0.6 has long been used to cor-
617 relate the adfreeze strength of steel and concrete piles to the
618 long-term shear strength of the surrounding frozen soil. In
619 this section, efforts are made to evaluate the suitability of
620 this assumption by comparing the peak shear strength of
621 frozen Leda clay with the peak adfreeze strength of steel-
622 clay interfaces at various temperatures. Using the Mohr-
623 Coulomb failure criterion, the peak strengths versus nor-
624 mal stresses at different freezing temperatures were plotted
625 for frozen clay and steel-frozen clay interfaces (Fig. 6).
626 Table 4 presents the strength parameters for the frozen clay
627 soil and the pile-soil interface tests.
628 For each test temperature, the intercept of the failure
629 envelopes of the frozen clay samples and the steel-pile
630 interface elements with the vertical axis defines the cohesive
631 and adhesive strengths, respectively. The cohesive strength
632 of frozen clay was always higher than the adfreeze strength
633 of the pile-soil interface. This could be attributed to the
634 one-way drainage path formed within the pile-soil interface

635element. The one-way drainage path is enhanced by the
636existence of the impermeable steel plate which, in practice,
637represents the pile foundation.
638The one-way drainage path may have delayed the move-
639ment of unfrozen water away from the shear plane during
640consolidation and refreezing. As a result, this may have
641contributed to a higher inter-particle unfrozen water con-
642tent compared to the case of clay samples for which a
643two-way drainage path exists.
644The accumulation of the unfrozen water content at the
645pile shaft would, therefore, lessen the ultimate water poten-
646tial (cryosuction), and subsequently, decrease the ice bond-
647ing at the pile shaft. The combination of the soil to soil
648cohesion and the ice bonding exerted within the frozen
649clay, compared to the ice bonding alone at the pile-soil
650interface, could be another contributing factor that
651resulted in the greater cohesive strength of the frozen soil
652compared to that of the pile-soil adhesion.
653Both the cohesive and the adhesive strengths experi-
654enced dramatic reductions as the exposure temperature
655increased toward the freezing point. This is possibly due
656to the decrease in ice content and the increase in unfrozen
657water content as the temperature increased. The adhesive
658strength, however, underwent more pronounced degrada-
659tion compared to the cohesive strength of the frozen soil
660at any given temperature. Once again, this may be attribu-
661ted to the one-way drainage effects which contributed to
662the greater accumulation of unfrozen water as the temper-
663ature increased. This has therefore resulted in the lowering
664of the roughness factor to its minimum value of 0.54 when
665the temperature reached the freezing point. The correlation
666between the roughness factor and the positive values of the
667freezing temperatures, plus the unity (T + 1) of the ice-rich
668soil, was established as presented in Fig. 7. Expressing the
669freezing temperature in (T + 1) form enabled the power
670law trend line fitting parameters to be obtained for the
671experimental data. This mathematical technique was first
672used by Vialov (1965) and later adopted by Nixon &
673McRoberts (1976) for correlating the creep parameters of
674frozen soils to freezing temperatures.
675Theoretically, the roughness factor may not be consid-
676ered constant based on this graphical demonstration, but
677rather varies exponentially from 0.54 to 0.91, correspond-
678ing to a decrease in ground temperature from 0 �C to
679�10 �C, respectively. Practically speaking, however, the
680assumption of using a constant value of 0.6 may still be
681valid and considered conservative as long as the ground
682temperature is lower than �1�C. For frozen ice-rich soils
683exposed to higher ground temperatures, the roughness fac-
684tor cannot be more than 0.5. For a more precise estimation,
685however, the adhesive strength of steel piles in frozen ice-
686rich soils could be expressed as a function of the tempera-
687ture and the cohesive strength of frozen clay using the fol-
688lowing equation:

689

Ca ¼ 0:54 Tþ 1ð Þ0:215C ð7Þ 691691
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Fig. 6. Mohr-Coulomb envelopes for frozen clay and steel-soil interface at various freezing temperatures.

Table 4
Strength parameters, roughness factor, and frictional factor at different freezing temperatures.

T �C Clay-clay interface Steel-soil interface m; Ca

C

� �
n, tand

tan£

� �

C(MPa) tanð£Þ Ca(MPa) tanðdÞ
�10.0 1.97 1.08 1.8 2.7 0.91 2.50
�7.0 1.47 0.8 1.3 2.45 0.88 3.06
�4.0 1.12 0.52 0.78 1.93 0.70 3.71
�2.0 0.74 0.48 0.52 1.04 0.70 2.17
�1.0 0.65 0.44 0.42 0.91 0.65 2.07
0.0 0.39 0.41 0.21 0.69 0.54 1.68
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692 where C and Ca are the cohesive strength of the frozen soil
693 and the adhesive strength of the pile-soil interface element
694 at a frozen ground temperature (T), respectively. The fro-
695 zen ground temperature is substituted in the equation as
696 a positive degree Celsius value. It is worth mentioning that
697 the cohesive strength was not denoted with a long-term
698 strength symbol because, in this experiment, only short-
699 term strengths were obtained. However, the cohesive and
700 adhesive strengths were normalized to each other with
701 respect to time by roughness factor ‘‘m”. Thus, this equa-
702 tion is believed to be valid for correlating the cohesive
703 strength of frozen soil to the adhesive strength of the
704 pile-soil interface for both short and long-term scenarios.

705 8.2. Effects of normal stress on shaft resistance of steel piles

706 in frozen clay

707 Few attempts were made in the past and reported in lit-
708 erature to measure the normal stresses in frozen soils and
709 to investigate their contribution to the ultimate shear
710 strength of frozen soils and to the ultimate adfreeze
711 strength of the pile-soil interface. For example, Johnson
712 & Buska (1988) reported maximum frost heave forces of
713 800 kN and 1100 kN subjected to H-piles and steel pipe
714 piles backfilled with silt slurry. The associated adfreeze
715 strengths were reported as 214 kPa and 972 kPa, respec-
716 tively. The normal stress on the pile shafts was estimated
717 from the limited transverse strain gauge readings and
718 found to be one-third of the adfreeze strength, recording
719 a maximum value of 370 kPa observed on the pipe pile
720 shaft. Similar forces/stresses were recorded over three con-
721 secutive winters, i.e., 1983, 1984, and 1985, at relatively
722 shallow depths ranging from 1.4 to 2.2 m from the ground
723 surface (within the active layer).
724 Practically speaking, the installation of pile foundations
725 in frozen grounds could induce an increase in horizontal
726 stress at any depth along the pile shaft. This happens fol-
727 lowing the refreezing of the slurry around the piles installed
728 in oversized holes or due to the soil freeze-back occurring
729 after the driving of a pile directly into a pre-thawed frozen

730ground or a slightly undersized hole. The process of
731freezing-induced normal stress and the stress distribution
732around the pile after driving it into a pre-thawed frozen
733ground is illustrated in Fig. 8.
734The frozen ground is first melted to a desired depth
735using steam or a hot water jet. Shortly afterwards, the pile
736is driven into the melted soil and usually loaded onto the
737head to minimize the vertical jacking associated with frost
738heave during the process of soil freeze-back. The melted
739soil will start to freeze and may acquire a significant freez-
740ing condition within hours to a few days (Johnson & Buska
7411988). As the soil is frozen-back, its volume increases due
742to the phase transformation of water from liquid to ice.
743The volume growth of the refrozen soil is likely to be
744restrained by the surrounding frozen boundary, thus
745enhancing the normal stress around the pile shaft which
746contributes to greater skin friction. Ladanyi (1988) theoret-
747ically showed that the mobilized lateral pressure due to the
748pile installation in ice-rich soils may relax within 24 hrs,
749falling to less than 1% of the pre-installation lateral pres-
750sure. Nevertheless, a rapid dissipation of the mobilized lat-
751eral pressure may not occur in frozen soils because of their
752extremely low permeability and long consolidation time
753that could be longer than the service life of the structure.
754This was shown in Johnson & Buska (1988) where a pile
755shaft strain associated with freezing-induced normal stress
756gradually increased from Oct. 1983 to Feb. 1984 and then
757decreased to zero when the soil melted entirely in May
7581984. The dissipation of the freezing-induced normal stress
759was mainly due to the melting of the seasonally frozen
760active layer. Given that piles are often driven deeply
761enough into the permanent frozen ground, the induced
762normal stress may not relax in a short time. Therefore,
763including the contribution of the freezing-induced normal
764stress acting on the pile shaft could be important for the
765pile design and installation in permeant frozen grounds in
766terms of accurately estimating the ultimate bearing capac-
767ity and frost heave. Although the current experiment may
768not fully capture the way in which normal stress develops,
769as shown by the conceptual model given in Fig. 8., it
770involves the testing of various normal stress scenarios that
771may be experienced in the field from the overburden pres-
772sure and leading to soil/backfill refreezing.
773In the current study, and from Fig. 6, the inclination in
774the Mohr-Coulomb failure envelopes indicates higher
775strengths for frozen soils and steel-soil interface samples
776as the normal stress becomes greater. This confirms the
777contribution of the frictional resistance to the ultimate
778strength of frozen clay and the shaft resistance of steel piles
779in frozen clay. The frozen clay showed decreased friction
780angles (£) with increasing temperatures, recording 45� at
781�10 �C and around 12� at 0 �C. The steel-soil interface fric-
782tion (d), on the other hand, followed a similar pattern, but
783displayed higher values at any given temperature, exhibit-
784ing 70� at �10 �C and around 32� at 0 �C (Fig. 9a).
785Frictional resistance is predominantly due to the inter-
786locking force of the soil particles which increases with

Fig. 7. Relationship between roughness factor ‘‘m” and ground
temperature.
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787 increasing normal stress. Moreover, fractured ice crystals
788 contribute to the overall frictional resistance. At lower tem-
789 peratures, therefore, higher friction angles were recorded
790 due to higher ice contents. At temperatures lower than
791 �1�C, the increasing normal stress was reported to slightly
792 increase the unfrozen water content due to the pressure-
793 melting effect (Jones 1982). The increase in the unfrozen
794 water content would still be too small to reduce the adhe-
795 sive and cohesive strengths as the temperature drops. How-
796 ever, the slight increase in the unfrozen water content was
797 stated to bring the soil particles closer, resulting in higher
798 frictional resistance. Due to the one-way drainage path sys-
799 tem for the pile set-up, a higher amount of unfrozen water
800 could accumulate at the predefined shear plane after soil
801 refreezing around the piles compared to the two-way drai-
802 nage path that formed in the frozen soils. Thus, higher fric-
803 tional resistance and lower adhesive strength were recorded
804 at the pile-soil interface compared to the friction angles and

805the cohesive strength in frozen soils at any given tempera-
806ture. The results obtained from the current experiment
807comply with the above-mentioned philosophy which was
808first proposed by Williams and Smith (1991). This has also
809been experimentally demonstrated in the present study.
810The results generated from this study also support
811another statement made by Ladanyi and Theriault (1990)
812which suggests that the ultimate shaft capacity of piles
813may not only result from the adhesive strength, but also
814from the interface frictional resistance. Therefore, the con-
815tribution of frictional resistance should be implemented
816into the general equation used to estimate the shaft resis-
817tance of steel piles in frozen clay. In addition, since the nor-
818mal stress resulted in larger interface friction, compared to
819the friction angles of frozen soils, a frictional factor ‘‘n”
820similar to the roughness factor ‘‘m” can be introduced to
821express the ratio (tan d) to (tan £) with respect to temper-
822ature. The frictional factor ‘‘n” versus temperature is pre-

Fig. 8. Pile installation in pre-thawed soil and normal stress distribution from overburden and freeze-back pressure.

Fig. 9. (a) Variations in soil friction angle and pile-soil friction angle with temperature and (b) surficial frictional factor at different temperatures.
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823 sented in Fig. 9b. Although the data shows a scattered pat-
824 tern, an exponential correlation could be proposed to
825 express the variation in frictional factor ‘‘n” with positive
826 values for the freezing temperatures plus unity (T + 1), as
827 follows:
828

n ¼ 1:80 Tþ 1ð Þ0:235 ð8Þ830830

831 If the friction angle of frozen soil (£) is determined at
832 any ground temperature (T) in the range of 0 �C to �10 �
833 C, the frictional resistance of the steel piles installed in this
834 frozen soil can then be expressed as
835

tanðdÞ ¼ 1:80 Tþ 1ð Þ0:235 tanð£Þ ð9Þ837837

838 Based on Eq. (9), the normal stress acting on steel piles
839 in frozen clay could exert a frictional resistance that is at
840 least 1.8 times greater than the frictional resistance exerted
841 by frozen clay. This finding supports the hypothesis pro-
842 posed by Ladanyi and Theriault (1990) which states that
843 the horizontal stresses in frozen soils become greater than
844 the initial state following the pile installation. This mobi-
845 lized stress happens due to the frost heave associated with
846 slurry refreezing or the soil freeze-back around the pile.
847 However, the magnitude of the freezing-induced normal
848 stress and the time required for the normal stress relaxation
849 are still widely unknown and need more investigation
850 preferably using a field set-up.

851 8.3. Theoretical estimation of ultimate shaft capacity of steel

852 piles in frozen clay

853 The results from the current study confirm that using a
854 constant roughness factor for predicting the adfreeze
855 strength of steel piles in frozen ice-rich soils, as was
856 adopted in previous design methods, could be very conser-
857 vative, especially if the ground temperature is colder than
858 �2�C. In practice, the load-carrying capacity of pile foun-
859 dations depends on the shear strength parameters of the
860 soil as well as the ground temperature and the loading rate.
861 In this study, the shear strength parameters of the clay, the
862 roughness factor, and the frictional factors were used to
863 develop an empirical equation for predicting the ultimate
864 shaft capacity of steel piles in frozen clay. The solution cor-
865 related the shear strength of frozen clay to the interface
866 shear strength of steel piles through the modified roughness
867 factor ‘‘m” and the introduced frictional factor ‘‘n”. The
868 ultimate shaft capacity was predicted based on the combi-
869 nation of the pile-soil adhesive strength and the interface
870 frictional resistance both as a function of the freezing tem-
871 perature and the strength parameters of the frozen clay, as
872 follows:
873

sa ¼ 0:54 Tþ 1ð Þ0:215Cþ 1:80 Tþ 1ð Þ0:235rn tanð£Þ ð10Þ875875

876 where sa is the adfreeze strength of the steel piles in frozen
877 clay at temperature T, rn is the total normal stress (kPa), C
878 and £ are the cohesive strength (kPa) and the internal fric-
879 tion angle of the frozen clay at temperature T, respectively,

880and T is the ground temperature as a positive degree Cel-
881sius value. For low permeable frozen clay, the total normal
882stress is a result of the overburden pressure and the
883refreezing-induced normal stress. Therefore, Eq. (11) can
884be written as follows:
885

sa ¼ 0:54 Tþ1ð Þ0:215 Cþ1:80 Tþ1ð Þ0:235ðrnoverburden þDrnÞtanð£Þ
ð11Þ 887887

888where rnoverburdenand Drn are the overburden pressure and the
889refreezing-induced normal stress, respectively.

8909. Conclusion

891A comprehensive experimental program has been car-
892ried out to investigate the performance of steel piles in
893ice-rich clay soils. The following conclusions can be drawn:

8941- The ultimate shaft capacity of steel piles can be corre-
895lated to the shear strength of frozen clay using two
896surficial factors, namely, roughness factor ‘‘m” and
897frictional factor ‘‘n”.
8982- Roughness factor ‘‘m” is found to vary not only with
899the pile materials (e.g., steel, concrete, and timber),
900but also with the ground temperature and the stress
901conditions. This was attributed to the higher unfro-
902zen water content accumulated in the vicinity of the
903pile-soil interface compared to regions far from the
904interface and might be linked to the different thermo-
905dynamic aspects between steel piles and clay soils.
9063- Frictional factor ‘‘n”, representing the ratio between
907the pile-soil interface frictional resistance and the fric-
908tional resistance of the frozen clay, was introduced in
909this study. The frictional factor decreases with an
910increasing freezing temperature, but it is always
911greater than unity and indicates a higher steel-soil
912frictional resistance at any given temperature or nor-
913mal stress compared to the frictional resistance of fro-
914zen clay.
9154- An empirical equation was provided for predicting
916the shaft resistance of steel piles in frozen clay soils.
917This equation would be more comprehensive upon
918obtaining information on the refreezing-induced nor-
919mal stress and the normal stress from the overburden
920pressure in frozen ice-rich clay soils.
921

922Uncited references

923ASTM D5856–95 (2007), ASTM D698 (2012), Giraldo
924and Rayhani (2013), Ladanyi (1972).

925Acknowledgements

926This study was financially supported by Carleton
927University and the Natural Sciences and Engineering

14 A.A. Aldaeef, M.T. Rayhani / Soils and Foundations xxx (xxxx) xxx

SANDF 843 No. of Pages 15, Model 5+

27 November 2019

Please cite this article as: A. A. Aldaeef and M. T. Rayhani, Interface shear strength characteristics of steel piles in frozen clay under varying exposure
temperature, Soils and Foundations, https://doi.org/10.1016/j.sandf.2019.11.003

https://doi.org/10.1016/j.sandf.2019.11.003


928 Research Council of Canada (NSERC). The authors would
929 like to thank both agencies for their support.

930 References

931 Aldaeef, A.A., Rayhani, M.T., 2019a. Load transfer of pile foundations in
932 frozen and unfrozen soft clay. Int. J. Geotech. Eng., 1–12
933 Aldaeef, A.A., Rayhani, M.T., 2019b. Load transfer and creep behavior of
934 open-ended pipe piles in frozen and unfrozen ground. Innov. Infras-
935 truct. Solut. https://doi.org/10.1007/s41062-019-0248-6.
936 Aldaeef, A.A., and Rayhani, M. T. (2017). Adfreeze strength and creep
937 behavior of pile foundations in warming permafrost. Int. Cong. and
938 Exh. ‘‘Sust. Civil Infra.: Innov. Infra. Geotechnology.” Springer,
939 Cham, 254-264.
940 ASTM D 4318. 2010. Standard Test Methods for Liquid Limit, Plastic
941 Limit, and Plasticity Index of Soils. ASTM Int., West Conshohocken,
942 PA, USA.
943 ASTM D3080/D3080M-11. (2012). Standard Test Method for Direct
944 Shear Test of Soils Under 494 Consolidated Drained Conditions,
945 Annual Book of ASTM Standards, ASTM Int., 495 West Con-
946 shohocken, PA. ASTM D422-63. (2007).
947 ASTMD422-63: Standard Test Method for Particle-Size Analysis of Soils,
948 Annual Book of 484 ASTM Standards, ASTM Int., West Con-
949 shohocken, PA, 2007.
950 ASTM D5321-12. (2014). Standard test method for determining the shear
951 strength of soil-geosynthetic and geosynthetic-geosynthetic interfaces
952 by direct shear, ASTM Int., West Conshohocken, PA.
953 ASTM D5856-95, 2007. Standard Test Methods for Measurement of
954 Hydraulic Conductivity of Porous Materials using a Rigid-Wall
955 Compaction-Mold Permeameter. West Conshohocken, PA: ASTM
956 International, https://doi.org/10.1520/D5856-95R07.
957 ASTM D698. (2012). Standard Test Methods for Laboratory Compaction
958 Characteristics of Soil Using Standard Effort (12 400 ft-lbf/ft3 (600
959 kN-m/m3), West Conshohocken, PA: ASTM Int., DOI:10.1520/
960 D0698-12.
961 Biggar, K.W., Sego, D.C., 1993. Field pile load tests in saline permafrost.
962 I. Test procedures and results. Can. Geotech. J. 30 (1), 34–45.
963 Crory, F. E. (1963). Pile foundations in permafrost. Proc., 1st Permafrost
964 Int. Conf., Lafayette, Indiana, NAS-NRC Publ. No. 1287, 467-472.
965 Crory, F.E., Reed, R.E., 1965. Measurement of Frost Heaving Forces on
966 Piles. Cold Reg. Res. Eng. Lab. Technical Report, p. 145.
967 Dalmatov, B.I., Karlov, V.D., Turenko, I.I., Ulitskiy, V.M., and Kharlab,
968 V.D. (1973). Interaction of freezing heaving with foundations. Proc.
969 2nd Int. Conf. on Permafrost, Yakutsk, USSR Contribution, National
970 Academy Press, Washington, DC, 572-576.
971 Giraldo, J., Rayhani, M.T., 2013. Influence of fiber-reinforced polymers
972 on pile–soil interface strength in clays. Adv. Civil Eng. Mater. 2 (1), 1–
973 17. https://doi.org/10.1520/ACEM20120043, ISSN 2165-3984.
974 Johnson, J.B., & Buska, J.S. (1988). Measurement of frost heave forces on
975 H-piles and pipe piles (No. CRREL-88-21). Cold Reg. Res. Eng. Lab,
976 Hanover, NH.
977 Johnston, G.H., Ladanyi, B., 1972. Field tests of grouted rod anchors in
978 permafrost. Can. Geotech. J. 9 (2), 176–194.
979 Jones, S.J., 1982. The confined compressive strength of polycrystalline ice.
980 J. Glaciol. 28 (98), 171–177.
981 Kitze, F.F. (1957). Installation of piles in permafrost. Cold Reg. Res. Eng.
982 Lab, Arctic construction and frost effects laboratory, Corps of
983 Engineers, U.S. Army.
984 Ladanyi, B., 1972. An engineering theory of creep in frozen soils. Can.
985 Geotech. J. 9 (1), 63–80.

986Ladanyi, B., Theriault, A., 1990. A study of some factors affecting the
987adfreeze bond of piles in permafrost. Int. Proc. Geotech. Eng. Cong.
988GSP 27, 213–224.
989Ladanyi, B., 1988. Short- and long-term behavior of axially loaded bored
990piles in permafrost. In: Proc. of Int Symp. Deep Found. on Bored and
991Auger Piles. Ghent. Belgium, pp. 121–131.
992McQueen, W., Miller, B., Mayne, P. W., & Agaiby, S. (2015). Piezocone
993dissipation tests at the Canadian test site No. 1, Gloucester, Ontario.
994Can. Geotech. J. 53(5), 884–888.
995Morgenstern, N.R., Roggensack, W.D., Weaver, J.S., 1980. The behavior
996of friction piles in ice and ice-rich soils. Can. Geotech. J. 17 (3), 405–
997415.
998Nixon, J.F., 1978. Foundation design approaches in permafrost areas.
999Can. Geotech. J. 15 (1), 96–112.
1000Nixon, J.F., 1988. Pile load tests in saline permafrost at Clyde river,
1001northwest territories. Can. Geotech. J. 25 (1), 24–32.
1002Nixon, J.F., McRoberts, E.C., 1976. A design approach for pile
1003foundations in permafrost. Can. Geotech. J. 13 (1), 40–57.
1004Parameswaran, V.R., 1978. Adfreeze strength of frozen sand to model
1005piles. Can. Geotech. J. 15 (4), 494–500.
1006Parameswaran, V.R., 1979. Creep of model piles in frozen soil. Can.
1007Geotech. J. 16 (1), 69–77.
1008Parameswaran, V.R., 1981. Adfreeze strength of model piles in ice. Can.
1009Geotech. J. 18 (1), 8–16.
1010Parameswaran, V.R., 1987. Adfreezing strength of ice to model piles. Can.
1011Geotech. J. 24 (3), 446–452.
1012Penner, E., 1970. Frost heaving forces in Leda clay. Can. Geotech. J. 7 (1),
10138–16.
1014Penner, E., 1974. Uplift forces on foundations in frost heaving soils. Can.
1015Geotech. J. 11 (3), 323–338.
1016Penner, E., Gold, L.W., 1971. Transfer of heaving forces by adfreezing to
1017columns and foundation walls in frost-susceptible soils. Can. Geotech.
1018J. 8 (4), 514–526.
1019Penner, E., Irwin, W.W., 1969. Adfreezing of Leda clay to anchored
1020footing columns. Can. Geotech. J. 6 (3), 327–337.
1021Sego, D.C., Smith, L.B., 1989. Effect of backfill properties and surface
1022treatment on the capacity of adfreeze pipe piles. Can. Geotech. J. 26
1023(4), 718–725.
1024Ting, J.M., 1981. The creep of frozen sands: qualitative and 279
1025quantitative models – final report II. In: U.S. Army Res. Office, Res.
1026Rep., N, pp. R81–R85.
1027U.S. Army/Air Force. (1967). ‘‘Arctic and subarctic construction:
1028structure foundations.” Tech. Manual TM5-852-4/ AFM 88-19, chap.
10294.
1030Vialov, S.S. 1959. Rheological properties and bearing capacity of frozen
1031soils. Transl. 74, US. Army Cold Reg. Res. Eng. Lab, Hanover, N.H.
10321965.
1033Viggiani, G., Ando‘, E., Takano, D., Santamarina, J., 2015. Laboratory
1034X-ray tomography: a valuable experimental tool for revealing
1035processes in soils. Geotech. Test. J. 38 (1), 61–71.
1036Voitkovskii, K.F. (1960). Mekjanicheskiye svoystva lda. Izvestiya
1037Akademii Nauk, Moscow. [The mechanical properties of ice. U.S.
1038Air Force Cambridge Res. Lab., Bedford, Mass., Translation No.
1039AFCRL-62–838.].
1040Wang, J., Nishimura, S., Tokoro, T., 2017. Laboratory study and
1041interpretation of mechanical behavior of frozen clay through state
1042concept. Soils Found. 57 (2), 194–210.
1043Weaver, J.S., Morgenstern, N.R., 1981. Pile design in permafrost. Can.
1044Geotech. J. 18 (3), 357–370.
1045Williams, P.J., Smith, M.W., 1991. The Frozen Earth: Fundamentals of
1046Geocryology. Cambridge, U.K..

1047

A.A. Aldaeef, M.T. Rayhani / Soils and Foundations xxx (xxxx) xxx 15

SANDF 843 No. of Pages 15, Model 5+

27 November 2019

Please cite this article as: A. A. Aldaeef and M. T. Rayhani, Interface shear strength characteristics of steel piles in frozen clay under varying exposure
temperature, Soils and Foundations, https://doi.org/10.1016/j.sandf.2019.11.003

https://doi.org/10.1007/s41062-019-0248-6
http://dx.doi.org/10.1520/D5856-95R07
https://doi.org/10.1520/ACEM20120043
https://doi.org/10.1016/j.sandf.2019.11.003

	Interface shear strength characteristics of steel piles in frozen clay �under varying exposure temperature
	1 Introduction
	2 Test materials
	2.1 Soil material
	2.2 Characteristics of the model pile material

	3 Test equipment
	4 Sample preparation
	5 Consolidation and freezing process
	6 Test procedure
	6.1 Shear strength testing

	7 Results
	7.1 Shear strength of frozen Leda clay
	7.2 Shear strength of steel-soil interface

	8 Analysis and discussion
	8.1 Effect of ground temperature on the surficial roughness factor “m” of steel piles in frozen clay
	8.2 Effects of normal stress on shaft resistance of steel piles in frozen clay
	8.3 Theoretical estimation of ultimate shaft capacity of steel piles in frozen clay

	9 Conclusion
	Uncited references
	Acknowledgements
	References


