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Freezing pressures in ‘frost-free’ materials caused by cyclic water levels 
Pressions congelées sur les matériaux ‘gel-libre’ causées par le niveau cyclique de l’eau

T.C. Sandford - Civil and Environmental Engineering Department, University of Maine, Orono, Maine, USA

ABSTRACT: During three winters of monitoring soil pressures at a steel frame bridge in western Maine, USA , it was surprisingly found 

that significant freezing pressures occurred behind the abutment in the 'frost-free' backfill material. The results of the monitoring for 

pressures behind the abutment showed a significant buildup from January to the end of March with peak lateral excess total pressures 

exceeding 50 kPa from freezing pressures. The monitoring results of the total pressures, temperatures, and water levels behind the abutment 

are reported for three years. The pressure buildup occurred only in the 1 to 2 m zone of daily water level fluctuation caused by releases from 

an upstream dam. Based on the monitoring results, recommendations are given to incorporate the effects of cyclic water levels under 

freezing conditions into the design of walls.

RESUME: Durant les trois hivers où nous avons suivi les pressions du sol sur le pont a encadrement d'acier dans l'ouest du Maine USA, il 

était surprenant de trouver que des significantes pressions des gelées accurent derrière les culées dans les "gel libre" matériaux. Les résultats 

de nos observations des pressions derrière les culées signifiant accumulation de janvier à la fin de Mars avec une pointe maximum de 

pression excédent 50 kPa de pression de gelée. Les résultats d'observation des pressions, temperatures et niveau des eaux derrière les culées 

sont reportés pour trois années. Les pressions accumulées occurent seulement dans une zone 1 à 2 m où les fluctuations journalières des 

eaux causées par les déchargés du barrage en amont. En accord avec ces résultats observés recommendations sont données d'incorporer les 

effets cycliques du niveau des eaux dans les conditions de gelée dans le dessin des murs.

INTRODUCTION

Measurements have shown additional pressures on walls caused by 

freezing in fine-grained soils (Eigenbrod and Burak, 1992; 

Sandgren et al., 1972). However, freezing pressures on walls in 

frost-free materials have apparently not been measured before.

The objective of this study was to determine the pressure response 

in the 'frost-free' soil behind an abutment subject to freezing 

temperatures and cyclic water levels. This was accomplished by 

continuous monitoring of the pressures and temperatures occurring 

behind a skewed integral bridge abutment. It was also the 

objective to develop design guidelines covering this effect.

SITE CONDITIONS

The foundation materials were cobbles and gravel with some sand. 

This material was excavated to construct the abutment, and backfill 

material from another source was placed behind the abutment.

The backfill was a coarse to fine sand and gravel with practically 

no fines (less than one percent finer than .075 mm). The Unified 

Classification System (UCS) classification for the backfill was SP. 

Within a distance of 150 mm of the total pressure cells, all particles 

greater than 5 mm diameter were removed to minimize stress 

concentrations on the cells. For the backfill with gravel particles 

removed, the UCS classification was SW. The backfill had 

negligible frost susceptibility based on the percentage finer than .02 

mm criterion (Andersland and Ladanyi, 1994). It has negligible to 

very low frost susceptibility based on the U. S. Corps of 

Engineers' criterion .

Water levels fluctuated twice daily due to upstream dam releases 

with a mean high water elevation of 174.1 m to a mean low water 

elevation of 172.7 m.

INTEGRAL BRIDGE DESIGN

The Forks Bridge between the plantations of The Forks and West 

Forks in western Maine, USA was opened to traffic in late 1989 

and is a stiff legged, steel rigid frame bridge which spans the 

Kennebec River. The bridge is a 20‘ skewed bridge with a 50.3 m

span and a 11.5 m overall width. It consists of five steel frames 

resting on shallow foundations. The steel legs are encased in 

concrete to form the abutments (Figure 1). The bridge design is 

described in more detail by Roberts (1989).

INSTRUMENTATION

Backfill pressures on the abutment were measured by sixteen total 

pressure cells mounted at the back of the concrete abutments to 

monitor vertical and lateral variation of soil pressures. A vertical 

line of four cells was placed at 3 m from centerline on each side of 

centerline on both abutments. The oil-filled pressure cells were 

22.9 cm in diameter and 0.99 cm in thickness. Vibrating wire 

transducers measured oil pressures and thus the soil and water 

pressures on the cell. Thermistors within the cells were used to 

correct the transducer signals for temperature changes. The 

elevations of the pressure cells in each line are shown in Figure 1.

Air temperature was measured near the structure by two resistance 

temperature indicators (RTD's) located beneath the deck. The soil 

temperatures at the back of the abutment were available from the 

thermistors located in each pressure cell. However, only six soil 

temperature locations at the back of the abutment were monitored 

due to channel availability on the datatakers. The RTD air 

temperature indicators ceased operating on June 29, 1991 (day 

909), but the thermistors in the cells continued to monitor 

temperatures behind the abutment throughout the project.

In general, readings were made on all instruments at six hour 

intervals throughout the life of the project using a remotely 

accessible data acquisition system. The instruments, their 

placement, and calibration are described in more detail by Elgaaly et 

al. (1992) and by Sandford and Elgaaly (1993).

LATERAL PRESSURES ON ABUTMENTS

Since the bridge has no expansion joints, thermal expansion of the 

deck due to temperature rise during the summer was expected to 

push the abutments into the approach fills, and then winter 

contraction was expected to relieve the pressure. This seasonal 

change in pressure caused by thermal expansion of the bridge was

887



recorded for a period of 33 months as shown in Figure 2 and is 

discussed by Elgaaly et al. (1992) and Sandford and Elgaaly 

(1993). In this figure, the days are numbered starting at 1 on 

January 1, 1989. At each level with the exception of El. 172.5 m 

the plotted pressure is the average of four pressure cells. At El.

172.5 m, one cell has been covered with a porous screen and 

measures only water pressure. The effective pressure at El. 172.5 

m is the average of only three cells.

Quite unexpectedly for El. 174.0 m, there were spikes in 

pressures which do not occur in the cells above or below this level 

from about January 1 to the mid-March of each year. These 

spikes, amounting to more than 50 kPa of excess pressure as 

shown in Figure 3, exceed even the passive loadings caused by 

expansion of the deck and thus are a significant overlooked 

loading on the wall. For this particular wall design, the unforseen 

additional pressures did not result in unacceptable levels of safety.
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Figure 3. Pressures on abutment

For other types of abutment wall design, these unforseen pressure 

levels may result in excessive movement of the wall. In order to 

explain the excessive pressure spikes at El. 174.0, it is necessary to 

examine the temperatures at the bridge.

TEMPERATURES

The site is located where freezing temperatures are normal for the 

winter months. The mid-day air temperatures below the deck for 

every fifth day are shown for 33 months of monitoring in Figure 4. 

The timing of the excess pressures shown in Figure 2 relative to the 

freezing air temperatures in Figure 4 indicates that freezing was
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Figure 2. Pressures behind abutment
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Figure 4. Temperatures at the abutment

likely associated with the excess pressure. The figure shows that 

freezing air temperatures at mid-day were recorded for November, 

but excess pressures did not begin until January each year. The 

freezing mid-day air temperatures ended in April, and the excess 

pressure dropped abruptly at about the same time. The air 

temperature indicators do not show air temperatures for the entire 

project time since the indicators stopped functioning on day 909. 

For each winter, the air freezing index (Andersland and Ladanyi, 

1994), which is the accumulation of the degree-days below 

freezing, was tabulated from Ripogenous Dam, Maine which is 

roughly the same elevation in western Maine as The Forks. The 

freezing indices for 89/90, 90/91, and 91/92 winters are 

respectively 1163, 861, and 1173 "C-days based on mean monthly 

temperatures.

The Kennebec River did not freeze in the channel beneath the 

bridge for all three winters which were monitored. River water 

temperatures were not measured, but water temperatures were 

measured at El. 172.5, which is below the sustained water level. 

The cell measuring water pressure always reflected the rise and fall 

of the water level in the river. This indicated the connection 

between the river and the bottom pressure cell through the 

foundation cobbles and gravel and through the backfill material. 

The temperature in the bottom cell never fell below freezing similar 

to the condition of the Kennebec River at the bridge. Thus the 

temperatures at the bottom pressure cell as given in Figure 4 were 

taken to be representative of the river water temperature. In Figure

4 the temperature of the water at the bottom cell at El. 172.5 

dropped continuously from mid-August. It had reached less than 

3' C by January 1 of each year. Within two to four weeks, the 

temperature was almost at 0° C until approximately April 1. The 

time when the water temperature is close to zero roughly 

corresponds to the time when excess pressures appear at El. 174.0. 

However, the river water temperature is not sufficient to explain the 

excess pressures.

The temperatures in the pressure cells at the back of the abutment 

(Figure 4) show that freezing occurred in the winter at all elevations 

above the sustained river water level of El. 172.5. The deepest 

measured penetration of the freezing front was to the cell at El.

174.0 which is 5.8 m below grade. This is considerably deeper 

than an expected maximum depth of frost penetration of 1.8 m 

from grade. Although the concrete is about 1.7 m thick at El.

174.0, the freezing front penetrated the concrete rapidly. As can 

be noted from Figure 4, by the second week of January the 

temperature at El. 174.0 was below freezing. The soil behind the 

abutments at this level remained frozen until the first week of April. 

The soil temperatures at El. 175.9 and El. 177.7 were also below 

freezing during this period, but no excess pressures occurred at 

those levels. Therefore freezing of the soil was not sufficient to 

cause excess pressures.

CAUSE OF FREEZING PRESSURES

To develop freezing pressures in 'frost-free' materials at The 

Forks, the soil temperature needed to be below freezing, the water 

temperature needed to be almost freezing, and the water had to 

cyclically wet the frozen soil. The freezing temperature in the soil 

in the zone of cyclic water apparently caused enough heat loss in 

the water remaining on the soil after the water level dropped so that 

ice buildup occurred in this zone. When the necessary conditions 

prevailed, the freezing pressure built up steadily with time at a rate 

of 0.60 to 0.80 kPa per day. This resulted in a peak excess 

pressure of 33 to 52 kPa for the winter time period that these 

conditions prevailed at The Forks.

CONCLUSIONS

During three winters of monitoring soil pressures at a steel frame 

bridge in western Maine, USA , it was surprisingly found in each 

year that significant freezing pressures occurred behind the 

abutment in the 'frost-free' backfill material. Freezing pressures 

are not considered in retaining wall design using frost-free backfill 

material. The results of the monitoring for pressures behind the 

abutment show a significant buildup from January to the end of 

March with peak lateral total excess pressure attributable to freezing 

exceeding 50 kPa. The pressure buildup occurred only in the 1 to

2 m zone of daily water level fluctuation caused by releases from an 

upstream dam. It required penetration of the freezing front into this 

zone plus water at nearly freezing conditions.

RECOMMENDATIONS

Based on the monitoring results and experiences elsewhere, 

freezing pressure buildup should be considered as a loading behind 

walls even in frost-free material when freezing temperatures occur 

in the soil, near freezing occurs in the water, and cyclic water levels 

occur. Based on the measurements for this project, pressures 

increase daily at a rate up to 0.8 kPa per day during the period that 

these conditions prevail. The freezing pressures occur only in the 

zone of cyclic water levels.
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